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ABSTRACT OF THE DISSERTATION
Development of 13C Fingerprint Tool and Its Application for Exploring Carbon and Energy
Metabolism in Cyanobacterium Synechocystis sp. PCC 6803
by
Le You
Doctor of Philosophy in Energy, Environmental and Chemical Engineering
Washington University in St. Louis, 2015
Professor Yinjie Tang, Chair
Cyanobacteria are important microbial cell factories that are widely used in the biotechnology
filed nowadays. They can use light as the sole energy source to fix CO2, accumulate biomass,
and produce various valuable bio-products. Engineered cyanobacterial species can uptake
nutrients from wastes to further reduce the cost. Recently, it is reported that cyanobacteria will
provide much higher carbon yield than heterotrophs by co-utilizing organic carbons and CO2.
However, the quantitative information of such ‘photo-fermentation’ process is still limited.
Decoding the carbon metabolism of cyanobacteria during the photo-fermentation process can
reveal the functional pathways, carbon distribution, and the energy requirement, all of which will
provide guidelines for rational design of metabolic engineering strategies.
The emerging of multiple omics tools, e.g. genomics, transcriptomics, proteinomics, and
metabolomics analysis, allowed the comprehensive determination of microbial metabolisms.
This dissertation describes the development of 13C fingerprint-based method to characterize the
carbon metabolic network in cyanobacteria model species Synechocystis sp. PCC 6803 and the
integration of this method with metabolic flux analysis and transcriptomics analysis to quantify
the diverse carbon and energy metabolism regulation under different internal or external stimuli.

viii

The project mainly consists of four aspects: (1) developing the GC-MS based low-cost

13

C

fingerprint method; (2) exploring the carbon metabolic network structure and quantifying the
central carbon metabolism under different environmental conditions; (3) determining the energy
requirement for cell maintenance in cyanobacteria; (4) investigating the effects of light
conditions on cyanobacterial carbon metabolism. These new findings not only improve our
understandings of the flexible carbon metabolism employed by cyanobacteria, but also offer
evolutionary insight into photosynthesis and potential applications of photo-fermentation.
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Chapter 1. Introduction
1.1. Background
1.1.1. Cyanobacteria
Cyanobacteria (blue-green algae) are a group of photosynthetic prokaryotes that
can perform oxygenic photosynthesis. They are widespread in both land and water
habitats and play important roles in carbon and nitrogen cycles (Smith, 1983).
Cyanobacteria are also the ancestors of the chloroplasts in plants and eukaryotic algae
(Tomitani et al., 2006). They have contributed significantly to the ecological changes,
e.g., the atmospheric oxygen level in the primitive atmosphere, and stimulated
evolutionary biodiversity. To date, cyanobacteria are reported to convert solar energy into
biomass-based chemical energy at a rate of ~450 Terawatts, which is 30 times higher
than the total power used by humans (Pisciotta et al., 2010). Recently, such powerful
phototrophic metabolism has aroused great interests in engineering cyanobacteria with
exogenous genes to produce industrially important compounds (Yu et al., 2013).
However, phototrophic processes are not independent, but rather tightly connected to the
other principal metabolic pathways, leading to the form of a complex metabolic network
in cyanobacteria. A deep understanding of cyanobacterial metabolism is therefore
required to guide the rational design of intuitive metabolic engineering strategies for
satisfactory performance of cyanobacteria.

1.1.2. 13C-assisted metabolism analysis
Microbes have complex metabolic pathways that can be investigated using
biochemistry and functional genomics methods. Due to the post-transcriptional/post1

translational regulation mechanisms, however, genetic analysis cannot reflect the final
metabolic outputs in most cases. To solve this problem, 13C-assisted metabolism analysis
is employed instead to reveal the metabolic features in different organisms and also
provide experimental validation for the genomics and transcriptomics studies (Zamboni
and Sauer, 2009).
The most widely used

13

C-assisted metabolism analysis typically relies on the

GC-MS based detection of the labeling patterns in proteinogenic amino acids, which are
abundant in biomass. This technique has been widely applied in poorly understood
microbial species to fill the gaps between genome sequencing and functional
characterization (Tang et al., 2012; Zamboni and Sauer, 2009). A general schematic of
the procedure is illustrated in Figure 1.1.
Meanwhile, this technique is also being improved to speed up screening and
exploitation of native metabolic features of microbes for biotechnology applications.
New analytical instruments, such as LC-MS, LC-MS-MS and LC-TOFMS, are developed
with improved chromatographic separation efficiency, linear dynamic range of ion
signals, and mass resolutions.

2

13

Figure 1.1. Procedures for isotopic labeling analysis.

1.1.3. C metabolic flux analysis
The 13C-based tool can also quantitatively characterize the activities of in vivo
enzymatic reactions.

13

C-metabolic flux analysis (13C-MFA) integrates the

13

C-assisted

metabolism analysis with computational modeling to quantify the metabolic flux
distribution in vivo.
13

C-MFA has been applied to comparatively explore the carbon metabolism of

model microorganisms and their mutants to provide precise information on intracellular
fluxes and further guide the rational design of metabolic engineering (Wiechert, 2001).
Additionally, 13C-MFA has also been used to quantify the central carbon metabolism in
non-model species under different environmental conditions (Tang et al., 2012).
Furthermore, 13C-MFA can also determine the energy metabolism, such as the cofactor
generation/consumption, and the metabolic response to external stimuli, including the
fluctuation of metabolic reactions. Recently,

13

C-MFA is also performed to investigate

the symbiotic interactions in microbial consortia (Ghosh et al., 2014). With the
3

development of new analytical technique, such as high-throughput mass spectrometry,
isotopically non-stationary

13

C-MFA was proposed to capture the dynamic metabolic

features in diverse biological systems (Jazmin et al., 2014). Also, several open-source
software are now available for both steady state and non-stationary 13C-MFA (Kajihata et
al., 2014; Shupletsov et al.; Weitzel et al., 2013; Young, 2014).

1.1.4. Limitations of previous studies and general scopes of current
studies
The application of 13C-assisted metabolomics faces several limitations due to the
large percentage of noise and artifacts of MS data, which render deciphering MS data a
complicated process. Firstly, the loss and degradation of metabolites during sample
quenching and separation make it difficult to precisely identify and quantify unstable
metabolites. Secondly, direct metabolite profiling cannot reveal the actual enzyme
activities since a metabolite pool is regulated by its carbon fluxes (enzyme reaction rates).
Lastly, the high resolution MS is expensive and inaccessible to many research
laboratories. In contrast, GC-MS offers an affordable platform. However, it is desirable to
develop a GC-MS based analytical protocol for accurate detection of isotopic labeling
information for metabolism as well as metabolic flux analysis.
13

C-assisted analysis has been widely applied to explore the carbon metabolism in

photosynthetic organisms, e.g., cyanobacteria, under photomixotrophic, (photo)heterotrophic, as well as photoautotrophic conditions (Yang et al., 2002a; You et al.,
2014a; Young et al., 2011). Most of these studies, however, were performed based on the
uncomplicated genome annotation, and the results were thus far less than consistent.
Considering these, we were intrigued to re-delineate the carbon metabolism in
4

cyanobacteria to provide a comprehensive understanding of the carbon and energy
metabolism in cyanobacteria.
My research aims to delineate the carbon and energy metabolism in
cyanobacterium Synechocystis 6803. The metabolic network structure was characterized
first based on the GC-MS measurement of

13

C-fingerprint. Then,

13

C-MFA was

performed with the updated metabolic network annotation under different environmental
conditions. The effect of energy metabolism on carbon metabolism was explored under
photosystem II (PSII) inhibition condition or complete dark condition. The energy and
carbon metabolism was quantified by using the integration transcriptomics analysis and
13

C-MFA. The maintenance energy was also determined. Finally, we employed

photosystem I (PSI) as a reporter protein to study the microalgae-heterotrophic bacteria
community including Synechocystis 6803 and E. coli. The metabolism of Synechocystis
6803 in the community is revealed.

1.2. Dissertation Overview
Cyanobacteria are valuable microorganisms for bio-product synthesis. In Chapter 2,
the photo-fermentation process in cyanobacteria is revealed. Comparing to traditional
photoautotrophic based bio-production, photo-fermentation can alleviate the CO2 and light
limitation and provides high production rates and yields.
Metabolism study highly depends on the analytical technique. In Chapter 3, a
GC-MS based isotope-assisted metabolomics tool is introduced. A high throughput
method for

13

-fingerprint measurement is developed to precisely determine pathway

structures.

5

In Chapter 4, the structures of several key nodes in cyanobacteria metabolic
network were explored by using 13C-fingerprint. The co-metabolism of glucose and CO2
is then quantified with the re-annotated metabolic network.
The energy and carbon metabolisms are highly correlated and interacted. In
Chapter 5 and 6, the carbon and energy metabolism of cyanobacteria is quantified and the
maintenance cost is characterized. Subsequently, the symbiotic interactions between
phototrophic and heterotrophic microorganism are explored in the defined microalgaeheterotrophic bacteria communities including Synechocystis 6803 and E. coli, as
discussed in Chapter 7. Finally, the major conclusions and implications of the current
work were summarized, and future directions were recommended in Chapter 8.

6

Chapter 2. Cyanobacterial Photo-driven Mixotrophic
Metabolism and Its Applications for Biosynthesis
Abstract
Cyanobacterial phototrophic metabolism offers promising chassis for producing
renewable chemicals. However, the product rate and titer under photoautotrophic
conditions are 10 to 100 folds lower than those in fast growing E. coli due to three
bottlenecks. First, photosynthesis has slow energy generation (ATP and NADPH) rate
comparing to catabolism process. Second, CO2 fixation rather than product synthesis
consumes major energy molecules. Third, both CO2 mass transfer and light supply are
limited within large-size cyanobacterial cultures. To overcome these barriers,
photomixotrophic conditions are constructed to reduce energy costs related to CO2
fixation as well as building block synthesis, rendering advantages to biomass growth,
nitrogen fixation, photosynthesis efficiency and optimal product synthesis. Maximal
cyanobacterial biomass growth is achieved under this condition. Cyanobacterial
photomixotrophic metabolisms are different from the autotrophic modes. Cyanobacteria
employ the oxidative pentose phosphate pathway instead of the TCA cycle under
photomixotrophic conditions. This metabolism is robust against the light and CO2
limitations. Cyanobacterial photo-fermentations will facilitate cost-effective and largescale algal-bioprocess.

7

2.1. Cyanobacteria
Cyanobacteria, which are the ancestors of the chloroplasts in plants and
eukaryotic algae, have powerful photosynthesis capability (Tomitani et al., 2006).
Cyanobacteria are widespread and play important roles in the stimulation of biodiversity
and the control of carbon/ nitrogen cycles (Smith, 1983). Recently, great interests have
been raised for engineering cyanobacteria with exogenous genes to produce industrially
important compounds and reduce CO2 emission (Yu et al., 2013). Synechococcus
elongatus PCC 7942, Synechococcus sp. PCC 7002, and Synechocystis sp. PCC 6803 are
mostly used in biotechnology because of their established genome database and
molecular tools for gene modifications. Among the three species, Synechococcus 7002
has the fastest growth rate (double time ~3 h, 37 oC). Synechocystis 6803 can grow under
lower temperature (30 oC, doubling time ~7 h) and it is capable of photomixotrophic
growth using glucose(Dempo et al., 2014). Although cyanobacteria are promising hosts
for producing products from CO2, studies of photo-bioreactor operations identified three
major challenges: limited light penetration due to biomass self-shading; barriers in CO2
gas-liquid mass transfer; slow growth and biosynthesis rates. Thereby, large-scale photobioreactors cannot achieve high biomass concentrations (< 4g/L) for economical
industrial applications, yet. To overcome this problem, organic substrates, such as urea
(as both C and N source), sugars, or acetate can be used to promote microalgal
cultivations. In this review paper, we focus on photomixotrophic metabolism and its
influences on CO2 fixation, photosynthesis, nitrogen assimilation, and product synthesis
in cyanobacteria. Via a flux balance model, we demonstrate several advantageous aspects
of cyanobacteria over E. coli cell factories for high yield product synthesis.
8

2.2. Light Driven Photosystems as ATP/NADPH Pumps
Cyanobacteria employ two photosystems to harvest light energy and electron
transfer. They were evolved from anoxygenic phototrophic microbes with partially active
photoreaction centers (Blankenship, 2010). Cyanobacterial light-dependent reactions
involve PSI and II, pigments, cytochrome b6f (Cyt b6f, or plastoquinol:plasto-cyanin
oxidoreductase), ATP synthase, and NADP+ reductase. These enzymes are packed on
stacks of thylakoid membranes next to the plasma membrane (Binder, 1982).
Photosynthetic electron transport through the two photosystems occurs in the
thylakoid membrane. PSII activates electrons to reduce the PQ pool by water splitting.
Electrons from PQ flow towards PSI to reduce NADP+ to NADPH (Hohmann-Marriott
and Blankenship, 2011). This linear electron flow (LEF) creates a proton gradient for
ATP synthesis (Mullineaux, 2014b; Vermaas, 2001). Meanwhile, PSI can power a cyclic
electron flow (CEF) in the thylakoid for ATP synthesis (Vermaas, 2001), which requires
NADH oxidoreductase (Complex I for respiratory pathway) to initiate electron flow (Iwai
et al., 2010; Kramer and Evans, 2011) (Figure 2.1). In contrast to LEF, CEF does not
generate or consume NADPH (Mullineaux, 2014a). Instead, CEF regulates NADPH/ATP
ratios for CO2 fixation and nutrition assimilation, improving cyanobacterial adaption to
photo-inhibition or impaired photosynthesis (Fork and Herbert, 1993; Mi et al., 1992a).
Both LEF and CEF control photo-driven energy metabolism (Pisareva et al., 2011; Tang
and Blankenship, 2013).
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Figure 2. 1. Photomixotrophic metabolism in cyanobacteria.
Right: central carbon metabolism and product synthesis. Left: the electron
transport flow in thylakoid membranes. The thylakoid membrane with light harvesting
antennae phycobilisomes, PSI, Cyt b6f complex, PSII and ATP synthase are shown.

2.3. Light-harvesting Apparatus and Limitations
Cyanobacteria cannot utilize the majority of incoming solar energy since
photosynthesis occurs within a narrow range of light wavelength (blue and red). Most
solar radiations are reflected as heat or fluorescence. Many studies have focused on the
improvement of light harvesting efficiency in cyanobacteria. Their light-harvesting
apparatuses (i.e., thylakoids) form stacks of parallel sheets close to the cytoplasmic
membrane. The space between the thylakoids is the PBSs antennae that use chlorophylls
and pigments to harvest light and transfer the excitation energy to the reaction centers.
PBSs anchor to the thylakoid membrane and dissipate excess high-light irradiation as
heat to protect the cyanobacterial reaction center and may also associate with PSI
functions (Liu et al., 2013). Antenna size affects the balance between photon excitation
and electron transport in the reaction centers. Cyanobacteria can adjust the size, shape
and position of the PBSs (i.e., attached to PSII or/and PSI) under different environments.
To improve light harvesting efficiency, phycobilisome antenna-truncation has been
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proposed to increase Synechocystis 6803 biomass production and glycogen content under
atmospheric air conditions (Joseph et al., 2014). However, phycobilisome antennatruncation might have a negative effect on cyanobacterial growth in well-controlled
photobioreactors (Page et al., 2012). Additionally, scientists have tried to remodel the
photosynthesis apparatuses to absorb light with a broader wavelength. In fact,
cyanobacterial PBSs may contain multiple phycobiliproteins to absorb different light
wavelengths (Haverkamp et al., 2009). For example, chlorophyll a absorbs blue/red light
but reflects green light, while chlorophyll d and f absorb far-red light (700~750nm) (Gan
et al., 2014). Modification of the pigment compositions in cyanobacterial cell factories is
desirable to improve their photosynthesis capability using abundant low-energy photons.
However, engineering of an efficient photosynthetic antenna has not achieved
breakthrough yet.

2.4. Photodriven Carbon, Nitrogen, and Hydrogen Metabolism
The energy from photosynthesis drives cyanobacterial autotrophic carbon
pathways. The Calvin cycle needs six NADPH and nine ATP to convert three CO2 into a
three-carbon sugar glyceraldehyde-3-phosphate, which is a precursor for the biosynthesis
of biomass and numerous complex molecules, including biofuels (Quintana et al., 2011).
The overexpression of non-native RuBisCO subunits for carbon fixation can significantly
improve cyanobacterial fatty acid productions (Ruffing, 2014).
In addition, many cyanobacteria can fix nitrogen (Tripp et al., 2010; Zehr, 2011).
These cyanobacteria have developed spatial and temporal strategies to protect O2
sensitive nitrogenase. Under N-limiting conditions, nitrogenase requires 16 ATP to
convert one N2 into two NH3 and one H2. Cyanobacterial NtcA is an essential global
11

regulator, influencing enzymatic reactions involved in nitrogen assimilation and carbon
metabolisms. The overexpression of NtcA can improve cyanobacterial photoautotrophic
growth (Osanai et al., 2014). Cyanobacteria also have denitrification pathway. For
example, Synechocystis 6803 growth depends on nitrate in BG11 medium, which uses
reducing equivalents to convert nitrate into ammonia (You et al., 2014a). Cyanobacterial
hydrogenase consumes NAD(P)H to produce H2. This bidirectional enzyme can also
oxidize H2 and donate electrons to PSI under dark and O2-absent conditions (Eisbrenner
and Bothe, 1979). Generally, intact N2-fixing cyanobacteria show little net H2 production
due to the H2-utilizing hydrogenase.
Cyanobacterial carbon fixation, nitrogen and hydrogen metabolism require large
amounts of energy. One interesting point to be explored is whether cyanobacteria can use
hydrogen instead of light as the energy source. Although anoxygenic phototrophs (e.g.,
Rhodobacter sphaeroides (Wang et al., 1993) and Chloroflexus aurantiacus (Herter et al.,
2001)) can grow photolithoautotrophically with a H2/CO2 mixture, it has not been
reported that cyanobacteria can grow on H2/CO2 under dark conditions. On the other
hand, organic carbon sources are known to promote cyanobacterial growth as well as to
enhance nitrogenase or hydrogenase activity by donation of electrons (Dutta et al., 2005).
Such photomixotrophic metabolism is widely employed by early phototrophic microbes
when their photosystems are not fully developed (Tang et al., 2011).

2.5. Versatile Carbon Metabolism in Cyanobacteria
Cyanobacteria can use versatile sugars or organic acids as the carbon source.
Functional genomics, flux balance analysis (FBA) (Fu, 2009; Shastri and Morgan, 2005),
and
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C-MFA (Wiechert, 2001) have revealed highly flexible carbon metabolism in
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model species Synechocystis 6803. First, its pentose phosphate enzymes operate
simultaneously in two modes: Calvin-Benson-Bassham cycle and oxidative pentose
phosphate (OPP) pathway. In general, OPP pathway fine-tunes the carbon and energy
metabolism (Young et al., 2011). Synechocystis 6803 can employ the OPP pathway for
glucose degradation (Yang et al., 2002a; You et al., 2014a), which can compensate for a
decreasing phototrophic supply of NADPH under light-limiting conditions or for a
limited supply of CO2 due to mass transfer barriers. Second, global regulatory genes of
cyanobacteria control heterotrophic metabolism enzymes, e.g., fructose-1,6-bisphosphate
aldolase and glucose transporter, and influence cell dark viability (Gao et al., 2014).
Although, Synechocystis 6803 cannot grow heterotrophically in complete darkness with
glucose, low intensity blue light pulses can activate glucose metabolism, cell division, or
other photomorphogenic processes without initiating photosynthesis (Anderson and
McIntosh, 1991). Third, cyanobacteria are able to close their TCA cycle by 2oxoglutarate decarboxylase and succinic semialdehyde dehydrogenase, which catalyzes
2-oxoglutarate into succinate (Zhang and Bryant, 2011). Alternatively, cyanobacteria
contain a γ–aminobutyrate acid (GABA) shunt, which involves glutamate decarboxylase
(GDC), GABA aminotransferase and succinic semialdehyde dehydrogenase (SSADH).
This GABA shunt can convert 2-oxoglutarate to succinate (Xiong et al., 2014). Although
in vivo TCA cycle flux is very small (You et al., 2014a), the flux through the TCA cycle
can respond to light availability and glycogen accumulations (Knoop et al., 2010). This
metabolic feature indicates that cyanobacteria can operate their carbon/energy
metabolism identically to heterotrophic microorganisms. Finally, Synechocystis 6803
does not have a glyoxylate shunt to fine-tune TCA flux (note: it produces glyoxylate, the
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precursor of glycine, via photo-respiration) (You et al., 2014a). However, Synechocystis
6803 employs an anaplerotic reaction for balancing NADPH/NADH and re-synthesizing
pyruvate (Bricker et al., 2004).

2.6. Carbon Metabolism under Light Limited Conditions
Some cyanobacteria can perform photomixotrophic growth using extracellular
organic carbon sources (such as glucose and acetate). Photomixotrophic conditions are
more efficient than photoautotrophic conditions in terms of photosynthesis efficiency and
higher growth rate (Yan et al.). Under light and carbon sufficient conditions,
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C-MFA

shows that Synechocystis 6803 can simultaneously utilize glucose and CO2, resulting in
1.9 g biomass/g glucose. It also observed that the in vivo flux through the TCA cycle
reactions (2-ketoglutarate ! succinate) is minimal, while the flux through the OPP
pathway is upregulated when cells grow to high cell density (You et al., 2014a).
On the other hand, the herbicide DCMU can specifically block the PQ binding
site of PSII and interrupt the O2 generation and photosynthetic LEF chain for
ATP/NADPH production. To adapt to such inhibitory circumstances, cyanobacteria can
upregulate glucose degradation via the OPP pathway and the CEF around PSI to
compensate for the requirement of NADPH and ATP, respectively (You et al., 2014b). In
this case, cyanobacterial Calvin cycle is still functional. Some sulfide-oxidizing
cyanobacteria could grow anoxygenically using PSI exclusively (Tang and Blankenship,
2013). The electrons generated from sulfide oxidation in those sulfide-tolerant
cyanobacteria are suggested to produce reduced PQ, which is then re-oxidized by the Cyt
b6f complex, and the electrons are eventually delivered to PSI. This photosynthetic
electron transport pathway is suggested from photomixotrophic cultures insensitive to
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DCMU but sensitive to 2,5-dibromo-6-isopropyl-3-methyl-1,4-benzoquinone (DBMIB;
an inhibitor of the Cyt b6f complex). Nevertheless, those sulfide-oxidizing cyanobacteria
still perform oxygenic photosynthesis via water oxidation when sulfide concentration is
low. From an evolutionary perspective, the sulfide-oxidizing cyanobacteria may function
akin to anoxygenic phototrophs, whose photoreaction centers evolved before oxygenic
phototrophs.

2.7.

Role

of

Storage

Compounds

in

Cyanobacterial

Autotrophic Cultures
Cyanobacterial photoautotrophic growth may contain two metabolic modes.
Under light conditions, photosynthesis drives CO2 fixation, biomass growth and
accumulation of storage compounds (e.g., glycogen, lipids, cyanophycin, and
polyhydroxybutyrate) (Miyake et al., 1996). Under dark conditions, the stored cellular
carbons are used heterotrophically. A recent
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C-metabolomics study found that these

stored cellular compounds can be degraded and employed as carbon source for biomass
synthesis even under light conditions (Huege et al., 2011). Strictly speaking,
cyanobacteria in autotrophic photobioreactors with uneven illumination always contain
mixotrophic metabolism. The carbon storage mechanism in cyanobacteria has been
studied. Measurement of cyanobacterial glycogen and polyhydroxybutyrate (PHB)
storage has been done under light and dark conditions as well as various nutrient deficient
conditions (nitrogen, phosphate, iron, sulfur and/or calcium was depleted) (Monshupanee
and Incharoensakdi, 2013). The results showed that, under photoautotrophic conditions,
glycogen and lipid storages are large during the early stationary phase. Then glycogen
stores are increased as the main carbon storages during the mid- to late stationary phase.
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The volume of PHB remains small throughout the entire growth phase. Under a variety of
photoautotrophic and heterotrophic conditions, glycogen is the main carbon storage,
while lipids and PHB are the minor ones.
In general, high light intensity, high CO2 levels and nutrient-deficient conditions
induce cyanobacterial carbon storage (Aikawa et al., 2014). Glycogen and PHB storage is
reported to increase during nitrogen, phosphorous, and iron depletion conditions, while
sulfur and calcium depletion have no effect on these storage compounds (Grossman et al.,
2004; Miyake et al., 1996; Sherman and Sherman, 1983). Glycogen catabolism also
involves day-night culture cycles. For example, the transcriptional network in the central
metabolism of Cyanothece 51142 revealed that the glycogen is accumulated during the
light period and is later degraded via glycolysis and OPP cycle during dark or carbon
depletion conditions (Stockel et al., 2008).
Knocking out the carbon storage pathway may affect biomass growth and
biochemical synthesis. Knocking out the glycogen synthesis pathway (glgC) from an
isobutanol producing Synechococcus 7942 strain improves isobutanol productivity per
cell under constant light conditions. This finding shows that glycogen synthesis could be
one of the competing pathway for product synthesis (Li et al., 2014). Furthermore, the
deletion of glycogen and PHB pathways in cyanobacteria does not improve the final
production of lactate in an optimal cultivation conditions. Only under nitrogen depletion,
glgC mutant type can achieve a two-fold increased lactate production (van der Woude et
al., 2014).
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2.8. Autotrophic and Mixotrophic Productions of Biochemicals
Cyanobacteria can produce many valuable chemicals, including isobutanol,
ethanol, fatty alcohol, alkanes, amino acids, hydrogen, isoprene, sucrose, fatty acids and
lactic acids (Varman et al., 2013a). Synechococcus 7942 was the first strain to produce
isobutanol (Atsumi et al., 2009). It can also produce ethanol, isobutyraldehyde, hydrogen,
1-Butanol, fatty acids, and hydrogen. Synechococcus 7942 along with Synechocystis 6803
accounts for almost all of metabolic engineering effort for chemical production (Quintana
et al., 2011). A recently isolated close species, Synechococcus elangatus 2973, has a
shorter doubling time of ~1.9 h, which may be a new platform for bioproduction (Yu et
al., 2014). Synechocystis 6803 shows excellent mixotrophic features. Using acetate as an
additional carbon source, the engineered Synechocystis 6803 can produce 2g/L D-lactic
acid in shaking flasks (Varman et al., 2013b). Though some cyanobacteria strains are
capable of assimilating sugars, their heterotrophic growth in dark conditions is much
lower than their mixotrophic growth (Quintana et al., 2011). Synechococcus 7002 is a fast
growing cyanobacterium that is assumed to be a superior organism for metabolic
engineering feats, which has been engineered for free fatty acid production (Ruffing,
2014). In addition, Cyanothece sp. ATCC 51142 is a marine, unicellular diazotrophic
cyanobacterium, which is capable of growing under aerobic conditions as well as
simultaneously fixing N2 and producing O2 under continuous-light conditions.
Cyanothece 51142 can live on glycerol, producing alanine, serine, and histidine under
nitrate-sufficient conditions. Cyanothece 51142 is an excellent H2 producer and nitrogen
fixer (Bandyopadhyay et al., 2010). Glycerol can promote H2 production by four to five
fold by reducing CO2 fixation through the Calvin cycle and producing more ATP and
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NADPH for nitrogen fixation (Feng et al., 2010). Besides oxygenic cyanobacteria,
anoxygenic phototrophs also grow better photomixotrophically (Tang et al., 2011). For
example, green sulfur bacterium Chlorobaculum tepidum fixes CO2 using the reductive
TCA cycle but grows better with acetate or pyruvate than with autotrophic growth (Evans
et al., 1966). Green non-sulfur bacteria Chloroflexus aurantiacus can assimilate CO2 with
the 3-hydropropionate bi-cycle during growth with acetate (Herter et al., 2002). These
photosynthetic microbes may potentially serve as new platforms for photobiorefinery
applications.

2.9. Cyanobacteria versus E. coli
Choosing a microbial platform is essential to the development of a sustainable and
economical bioprocess. Generally, E. coli is a favored microbe due to its tractability, fast
growth, and easy genetic manipulation. Cyanobacterial species also have an established
genome and amendable genetic tools. Cyanobacteria are attractive over E. coli because
they can bypass the agricultural process for sugar manufacture and greatly reduce
competition with food crops (Machado and Atsumi, 2012) while the current technology
of lignocellulose utilization as a source of fermentable sugar for E. coli fermentation is
still very costly (Sanderson, 2011). Since the benefits of utilizing CO2 as the carbon
source are vast, significant researches on genetic modification of cyanobacteria have
advanced since the beginning of successfully engineering cyanobacteria to produce
ethanol in 1999 (Herter et al., 2002). Recently, cyanobacteria have produced other
desirable chemicals in laboratories. However, there are many disadvantages in
cyanobacterial factories. Figure 2.2 compares E. coli and cyanobacteria for biosynthesis
of alcohols and fatty acid derived compounds.
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Figure 2. 2. Comparison of bio-fuel production in Cyanobacteria versus E. coli.
Yields for cyanobacteria were calculated by grams of carbon from the product/ grams of
total carbon. The total C content was assumed to be carbon from the desired product plus
carbon from cell biomass. Carbon from cell biomass was determined through the
approximation that an OD730 of 1 was about equal to 0.4 g of cell biomass and carbon
was approximately 50% of the biomass. Yields for E. coli were calculated by gram of
product per gram of glucose used in the culture media. Titer (g/L) and production rate
(mg/L/h) are reported as well (Atsumi et al., 2009; Baez et al., 2011; Gao et al., 2012;
Ruffing, 2014; Schirmer et al., 2010; Tan et al., 2011; Trinh et al., 2008; Wang et al.,
2013; Zheng et al., 2012).

It is clear that modern molecular biology can engineer cyanobacteria to produce
chemicals from CO2 with similar carbon yields as E. coli based on product yield from
glucose. However, E. coli still out-performs cyanobacteria with production rates and
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titers (by ten to hundreds of folds) due to its fast growth and production rate. From an
energy metabolism point, E. coli has much higher ATP generation rates from sugar
degradation. For example, engineered E. coli metabolism can generate 59~65 mmol ATP
/g biomass/h for producing free fatty acids (He et al., 2014), while cyanobacteria
photosynthesis metabolism only generates 21 mmol ATP /g biomass/h (Nogales et al.,
2012). Additionally, the majority of cyanobacterial ATP is used for CO2 fixation, while E.
coli can use more ATP for the synthesis of products and the maintenance of pathway
functions. As the pathways to biofuels become longer and more complicated, metabolic
burdens become severe, and thus cyanobacterial biosynthesis pathways face shortages of
both energy ATP and building blocks. Therefore, autotrophic cyanobacterial production
titers and rates cannot compete with those from heterotrophic microbes.
To overcome cyanobacterial limitations in industrial applications, a FBA for
Synechocystis 6803 illustrates the advantages of photomixotrophic metabolism, in which
CO2 fixation through photosynthesis and glucose assimilation occurred simultaneously
(Figure 2.3). Cyanobacterial autotrophic growth is highly limited by light availability
(Figure 2.3A). However, when lower light intensity exists in a mixotrophic condition, the
OPP will activate to supply NADPH and will allow the cell to maintain its growth
(Nakajima et al., 2014). A higher glucose uptake rate results in a larger growth rate
(Figure 2.3). For example, if glucose uptake rate is as 6 mmol gDW-1 h-1 (Figure 2.3C),
cyanobacteria can achieve growth rate above 0.55 h-1 (doubling time = 1.2 h). Such
model results indicate that cyanobacterial photomixotrophic conditions may ultimately
remove the roadblocks for low production titer and rates.

20

Biomass Growth rate (h-1)

A. Autotrophic conditions

CO

2

upt

ake

rat
e

(mm

ol g

DW -

1

flu

on
Phot

h -1)

B. Mixotrophic conditions with a low glucose uptake rate

mol g
x (m

-1

DW

h-1 )

Biomass Growth rate ( h-1)

Biomass Growth rate (h-1)

C. Mixotrophic conditions with a high glucose uptake rate

CO

2

CO

2

upt

ake

rat
e

(mm

ol g
D

W -1

h -1)

x
on flu
Phot

ol gD

(mm

-1 )

W h
-1

upt

ake

rat
e

(mm

ol g

DW -

1

h -1)

on
Phot

flu

mol g
x (m

-1

DW

h-1 )

Figure 2. 3. Comparison of photoautotrophic and photomixotrophic conditions
using flux balance analysis.
The conditions were simulated by constraining the CO2 uptake rate to between 0 to -4.0
mmol gDW-1 h-1 and constraining the light uptake rate between 0 and 50 mmol gDW-1 h-1.
The mixotrophic conditions were constrained by either a low glucose uptake rate of 0.6
mmol gDW-1 h-1 or a high glucose uptake rate of 6 mmol gDW-1 h-1. The in silico flux
distributions corresponding to the maximum growth rate were obtained by maximizing
the biomass objective function (Nogales et al., 2012).
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2.10. Conclusions
Since cyanobacteria species can survive in simple nutrients and show a high
degree of metabolic flexibility, it has sparked the interest of many researchers. Although
the use of cyanobacteria opens up the potential for a way to use concentrated CO2
emission from industrial waste, CO2 mass transfer into cultures is still problematic.
Additionally, the requirement for maximum light exposure presents a challenge in the
design of an industrial bioreactor for cyanobacteria culturing as self-shading prevents
cells from receiving enough light if the culture depth is more than a few inches.
Furthermore, continuous production in cyanobacteria faces contamination challenges
because of peak titers occurring after only a week in many cases. Therefore, photofermentation is an additional alternative to improving product yield in cyanobacteria.
During this procedure, both sugar and CO2 can be utilized which can improve titer, rate
and yield for final products. To date, only a few cyanobacterial species have established
genetic tools, and cyanobacterial metabolic pathways in high performance cyanobacterial
species are still relatively uncharacterized. As cyanobacterial research moves forward,
cyanobacteria fermentation may ultimately offer overall advantages over E. coli for massproduction of products.
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Chapter 3. Development of Stable Isotope-Assisted
Metabolomics Tool and 13C Fingerprint
Results of this chapter have been published in JoVE 2012, (59), e3683; Metabolites 2014,
4, 142-165; and Journal of the royal society interface 2012, 9, 2767-2780.

Abstract
The applications of stable isotope-assisted metabolomics tool have facilitated the
study of cell metabolisms. The isotopic information derived from selected isotopomer has
been extensively used to discover pathways that may have been mis-annotated in the past,
elucidate new enzyme functions, analyze novel cell metabolisms. In this chapter, a GCMS based isotope-assisted metabolomics tool is developed for precise determination of
proteinogenic amino acids and intracellular free metabolites and their isotopologues. A
stringent sampling protocol is optimized. In addition, a high throughput device is
designed to measure

13

C fingerprint in non-model species to provide pathway

information. We foresee the isotope-assisted metabolomics to be an indispensable tool in
industrial biotechnology, environmental microbiology, and medical research.
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3.1. Introduction
Metabolomics measures the time-related concentration of endogenous metabolites
in cells (Fiehn, 2002). The profiles of intracellular metabolites reflect gene functions in
complex cell metabolism. Each type of organism may have unique intracellular
metabolites (metabolite fingerprints) that elucidate specific cellular processes. By
comparative analyses of metabolite profiling from mutant species, metabolomics can
reveal enzyme activities, silent genes, and metabolic network topology (Raamsdonk et
al., 2001).
Mass spectrometry (MS) based-metabolite profiling plays an important role in
investigating cell metabolism. Primary metabolites, e.g., amino acids, organic acids, and
sugar phosphate, can be readily identified by MS and thus have become common targets
in metabolism studies (Kind et al., 2009). Modern LC-MS instrument can also probe
many low abundant metabolites, particularly secondary metabolites, e.g., hormones and
natural products, and thus generate comprehensive insight into genome-wide cell
metabolisms.
However, the application of metabolomics still faces several limitations due to the
large percentage of noise and artifacts of MS data, which render deciphering MS data a
complicated process. The loss and degradation of metabolites during sample quenching
and separation make it difficult to precisely identify and quantify unstable metabolites.
Besides, the high resolution MS is expensive and inaccessible to many research
laboratories. In contrast, GC-MS offers an affordable platform, but has low metabolite
detection power. Therefore, it is desirable to improve the potential of GC-MS to obtain
more physiological knowledge from limited metabolite datasets.
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To overcome such problems, isotope tracers are introduced to track the element
fates in cell metabolites and delineate functional pathways (Tang et al., 2012). After a
particular

13

C labeled substrate is fed to microbes, their metabolites will be specifically

labeled, which is known as

13

C “fingerprint”. These unique labeling patterns of key

metabolites can be used to trace the paths of reactants to products in the metabolic
network and thus reveal metabolic features.
In this chapter, a GC-MS based isotope-assisted metabolomics protocol is
developed for precise determination of proteinogenic amino acids and intracellular free
metabolites. We also described the design of a high throughput device for 13C fingerprint
measurement. We foresee that stable isotope–assisted metabolomics, in combination with
other “omics” tools, will not only provide a complete picture of cell physiology, but also
decipher regulatory mechanisms underlying gene functions.

3.2. Sample Preparations
A proper sampling procedure, including metabolite quenching, extraction,
derivatization, and data analysis, is critical for metabolite analysis. First of all, the rapid
quenching of biological samples is required to catch the actual metabolic snapshot since
cell metabolism (especially for microbes) responds to environmental changes within
seconds. Sample preparation may introduce significant artifacts in isotopic data (de
Koning and van Dam, 1992; Villas-Bôas et al., 2005). Metabolite quenching can be done
with fast freezing, using liquid nitrogen or perchloric/ nitric acid treatments (Fiehn,
2002). This step, however, often results in drastic loss of biomass due to cell membrane
damage, which is known as ‘leakage’ (Bolten et al., 2007; Villas-Bôas et al., 2005). To
reduce such noise, we use -70 °C cold methanol as the fast-quenching solution (de
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Koning and van Dam, 1992) or use filtration for fast separation of medium and biomass.
The methanol quenching process can stop the cellular reaction immediately without
significant loss of intracellular metabolites. Fast filtration, collecting cells by filtration
under vacuum, can save the step of quenching. Thus, filtration can keep the cell
membrane intact and avoid the ‘leakage’ to reduce metabolite loss (Bolten et al., 2007;
Wittmann et al., 2004). To further improve and speed up this process, filter cultures were
recently proposed (Bennett et al., 2008). Cells are grown on the filter paper that is placed
on an agarose plate loaded with medium. The separation of cells from medium can be
achieved by removing the filter paper from the plate. The growth of filter cultures was
reported to be comparable to that in liquid cultures.
Secondly, metabolites have to be isolated from biological samples or tissues
before analyses. Metabolite extraction methods are species, agent, and technique
dependent. It is particularly important for some low abundant and critical metabolites.
Extensive efforts have been made to identify the optimal metabolite extraction protocols
for various biological systems (Canelas et al., 2009; Geier et al., 2011; Villas-Bôas et al.,
2005; Winder et al., 2008). Five methods are most widely used, including hot water,
boiling ethanol, chloroform-methanol, freezing-thawing in methanol, and acidic
acetonitrile-methanol. In general, boiling ethanol and chloroform-methanol methods have
the best performance in terms of completeness of extraction, prevention of metabolite
conversion, and metabolite stability (Canelas et al., 2009). In this work, we found that
chloroform-methanol is the best method for bacterial systems, in terms of efficiency and
convenience. Less than 4 hours are required for the whole process and the samples are
not diluted as that in other methods. In addition, the polar and nonpolar metabolites can
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be extracted simultaneously and separated easily via centrifugation. Therefore, in our
following studies, chloroform-methanol method is used for all the intracellular free
metabolite extraction.
Thirdly, chemical derivatization transforms metabolites into gaseous products to
improve the detection by GC-MS. This step increases volatility and decreases polarity of
compounds that otherwise are not readily separated by GC prior to MS detection.
Chemical derivatization can also improve the stability of unstable functional groups,
increase ionization efficiency and enhance detector responses of target compounds,
improve chromatographic separation, aid in selective identification or enrichment of
target analytes (Halket et al., 2005), and generate characteristic MS-MS fragments of
target metabolite classes to improve isotopomer determinations (Bollinger et al., 2010).
The choice of derivatizing reagent is highly dependent on the structure of the functional
group requiring derivatization and the selected MS technique. The most widely used
derivatization reactions for GC-MS today are acylation, alkylation, and silylation (Wells,
1999). In

13

C studies, two classes of silylation reagents are often used for metabolite

derivatization: those generating trimethylsilyl derivatives (TMS) and those introducing
tert-butyldimethylsilyl derivatives (TBDMS).
TBDMS method derivatizes -COOH and -NH2 groups by replacing H atom with
tert-Butyldimethylsilyl group (Figure 3.1). The reaction occurs under 70~80 °C.
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Figure 3. 1. TBDMS derivatized amino acids
TBDMS method shows high accuracy for isotopic labeling pattern of
proteinogenic amino acids. Three characteristic fragments, [M-57]+, [M-159]+ or [M85]+, and [f302]+ are generally used for isotopomer analysis (Figure 3.1) (You et al.,
2012). Fragment [M-57]+ contains the entire amino acid, and fragment [M-159]+ lacks the
α-carboxyl group of the amino acid. For leucine and isoleucine, the [M-57]+ peak is
overlapped by other mass peaks. Therefore, [M-15]+ is used instead to analyze the entire
amino acid labeling. Also, the [f302]+ group is often employed in most amino acids. It
contains only the first α-carboxyl group and second carbons in an amino acid backbone.
However, [f302]+ of many derivatized metabolites are not recommended for
quantitatively analyzing the metabolic fluxes because this MS peak often has high noiseto-signal ratios (Antoniewicz et al., 2007a) (Table 3.1).
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Table 3. 1. TBDMS-derivatized metabolites
Metabolites

MW TBDMS

Alanine

317

260

158

Glycine

303

246

218*

Valine
Leucine

345
359

288
344*

186
200

Isoleucine

359

344*

200

Proline

343

286

184

Methionine

377

320

218

Serine

447

390

288

Threonine

461

404

376*

Phenylalanine

393

336

234

Aspartate

475

418

316

Glutamine

489

432

330

Lysine

488

431

329

Histidine

497

440

338

Tyrosine

523

466

364

+

[M-57]+/[M-15]+

[M-159]+/[M-85]+

+

* indicates [M-15] or [M-85] peaks are used for analysis.
TMS method derivatizes -COOH, -OH, and -NH2 groups by replacing H atom
with trimethylsilyl group instead (Figure 3.2). The reaction occurs under 37 °C, which is
milder than that for TBDMS. Therefore, TMS works better for intracellular free
metabolites that have lower abundance and stability. Two characteristic fragments, [M15]+, [M-117]+ or [M-43]+ are used for isotopomer analysis (You et al., 2014a). Fragment
[M-15]+ contains the entire molecule and fragment [M-117]+ lacks the α-carboxyl group
of the metabolites.
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Figure 3. 2. MSTFA derivatized amino acids
Due to the overlap peaks and product degradations, certain fragments of several
metabolites are not accurate for quantification, as shown with star in Table 3.2.
Table 3. 2. MSTFA-derivatized metabolites
Metabolites

MW-MSTFA

[M-15]+

[M-117]+

Glyoxylate
Pyruvate

175
189

160
174

43
72*

Lactate

234

219

117*

Alanine

233

218

116

Glycine

291

276

174

Valine

261

246

144

Succinate

262

247

147

Fumarate

260

245

143

Serine

321

306

204

Threonine

263

248

146

273

258

158

319

304

302

Aspartate

349

334

232

Glutamine

363

348

246

Malate

350

335

333

Citrate

480

465

463

α-ketoglutarate

Note

*

[M-117]+ is not accurate.

[M-117]+ is not accurate.
[M-117]+ is not accurate.

Both fragments are not accurate.

Both fragments are not accurate.

In general, the accuracy of TMS method is lower than TBDMS method, because
the TMS molecules have smaller molecule weight and may generate higher
fragmentation noises. The isotopic labeling data from both methods are shown as mass
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fractions, i.e., M0, M1, M2, etc., representing fragments containing unlabeled, singly
labeled, and doubly labeled metabolites.
Finally, the isotopic data needed to be corrected since the derivatization can
introduce significant noises due to the high natural labeling of Si, C, H, N, and O. An
MATLAB based toolbox (Wahl et al., 2004) is used for the correction of raw isotopic
labeling data. The detailed protocol is shown in the supporting information (Figure S3-1~
5).

3.3. High Throughput 13C Fingerprint Measurement
13

C-tracer experiments can confirm or discover functional pathways by examining

the 13C fingerprint in several key metabolites (Tang et al., 2012) (Figure 3.3).

Glucose

PP Pathway

G6P

Ser
Gly
Cys

E4P

PGA

PEP
Ala
Val
Leu

Ile
Thr
Asp
Asn
Met
Lys

Phe
Tyr
Trp

PYR

OAA

His

Leu
Lys

ACoA

TCA
Cycle

C5P

CIT

AKG

Glu
Gln
Pro
Arg

Figure 3. 3. Key amino acids detected for pathway annotation via 13C fingerprint.
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So far, multiple metabolic pathways have been identified or re-annotated by

13

C

fingerprint, including the central metabolic pathways for carbon substrate catabolism
(Peyraud et al., 2009; Wu et al., 2010), various CO2 fixation pathways (Feng et al., 2010;
Zarzycki et al., 2009), unconventional biosynthesis pathways32-34, nutrient utilization
pathway (Christiansen et al., 2002; Larsen et al., 2009; Zhuang et al., 2011), and disease
related pathways (Creek et al., 2012).

Figure 3. 4. Metabolic pathways revealed by 13C-fingerprints
In this study, we design an eight-well device for high throughput measurement of
13

C fingerprint. Different specifically designed

13

C tracers are provided in each well

(Figure 3.5A). By cultivating the cell cultures in each well in one batch experiment, a
overview of the key pathway structures will be identified (Table 3.3). In addition, the
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device is deisned to support both aerobic cultures, by using the synringe provided to
bubble air, and anaerobic cultures, by using the caps (Figure 3.5B and C). The samples
can also be dried via air by using the syringe provided (Figure 3.5).

A

B

C

D

Figure 3. 5. Device for high throughput 13C fingerprint
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Table 3. 3. 13C tracers provided in the device.
13

Pathways to study

C tracers

Yeast extract + U-13C6
Glucoseglucose
+ NaH13CO

Nutrient requirement
CO2 fixation pathway

3

13

Citramalate pathway or Re-citrate synthase

1- C1 acetate

ED pathway or oxidative pentose phosphate
pathway
TCA cycle

1-13C1 glucose

Glyoxylate shunt

U-13C6 glucose + glyoxylate

Wood-Ljungdahl pathway

NaH13CO3 + CO/H2

Control

U-13C6 glucose

1-13C1 PYR
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Supporting information for Chapter 3.
Contents: Experimental details

S3.1. TBSMS-derivatized metabolites.
To perform the correction of TBDMS metabolites with the toolbox, first run the
‘MsCorr.p’ file in the folder provided (Figure S3-1). A new window will appear
immediately (Figure S3-2).

Figure S3-1. Run ‘MSCorr.p’.
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Figure S3-2. Open the new window
Click the load list below the left column and load the ‘TBDMS2014’ file, which
is our updated file with all the recently added metabolites. (Figure S3-3) The list of
characteristic fragments will appear in the second column. Subsequently, copy the raw
data of the metabolite that needs to be corrected into the file named ‘data’ and load the
data file by clicking ‘load list’ below the third column. (Figure S3-4)
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Figure S3-3. Load the list of metabolites

Figure S3-4. Load the raw data
Select the corresponding metabolite from the first column and the characteristic
on the second column. Then click the ‘Run Correction’ on the right (Figure S3-5). The
corrected results will be shown below. In certain cases, the m/z values of characteristic
fragments are not continuous. These values have to be adjusted before the correction. For
example, the [M-57]+ fragment of alanine (which has the m/z of 260, 261, 262, 263) may
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show as 260.1, 261.2, 262.0,263.1. These values have to be adjusted to have the same
decimal place value.

Figure S3-5. Run the correction

S3.2. MSTFA-derivatized metabolites (TMS method).
To perform correction with the toolbox, first run the ‘MsCorr.p’ file in the folder
provided. Click the load list below the left column and load the ‘MSTFA2014’ file,
which is our updated file with all the recently added metabolites. The list of characteristic
fragments will appear in the second column. Subsequently, copy the raw data of the
metabolite that needs to be corrected into the file named ‘data’ and load the data file by
clicking ‘load list’ below the third column. Select the corresponding metabolite from the
first column and the characteristic on the second column. Click the ‘Run Correction’
button on the right. The corrected results will be shown below and similar adjustments of
m/z values may be needed.
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Chapter 4. 13C-MFA Delineates the Photomixotrophic
Metabolism of Synechocystis sp. PCC 6803 under Lightand Carbon-Sufficient Conditions
Results of this chapter have been published in Biotechnology Journal 2014, 9, 684-692.

Abstract
The central carbon metabolism of cyanobacterium is still under debate. For over
50 years, the lack of α-ketoglutarate dehydrogenase has led to the belief that
cyanobacteria have an incomplete TCA cycle. Recent in vitro enzymatic experiments
suggest that this cycle may in fact be closed. In this study, we employed 13C isotopomer
to delineate central pathways in cyanobacterium Synechocystis sp. PCC 6803. By tracing
the incorporation of supplemented glutamate into the downstream metabolites in the TCA
cycle, we observed a direct in vivo transformation of α-ketoglutarate to succinate. In
addition, isotopic tracing of glyoxylate didn’t show a functional glyoxylate shunt and
glyoxylate was used for glycine synthesis. The photomixotrophic central carbon
metabolism was then profiled with 13C-MFA under light and carbon sufficient conditions.
We observed that the in vivo flux through the complete TCA cycle was minimal. Glucose
was mainly used through glycolysis while the relative flux through the oxidative pentose
phosphate pathway was low. Our

13

C-MFA results improve the understanding of the

versatile metabolism in cyanobacteria and will shed a light on their application for
biosynthesis of various valuable chemical compounds.
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4.1. Introduction
Synechocystis sp. PCC 6803 is a naturally transformable cyanobacterium (Saikin
et al., 2014) and a model organism for studying photosynthesis (Luo et al.). Synechocystis
6803 and other cyanobacterial species are promising phototrophic cell factories for
synthesis of valuable chemicals and biofuels (Atsumi et al., 2009; Chisti, 2008; Deng and
Coleman, 1999; Lan and Liao, 2011; Lindberg et al., 2010). To explore cyanobacterial
metabolism for biotechnology applications, genomics and transcriptomics approaches
have been used to study Synechocystis 6803 (Pingitore et al., 2007). Complementing
these approaches, fluxomics tools (flux balance analysis (FBA) and

13

C-metabolic flux

analysis (13C-MFA)) are also powerful in deciphering genome functions and unraveling
cell phenotype in phototrophs under autotrophic, mixotrophic, and heterotrophic
metabolisms (Bolten et al., 2007; Caspi et al., 2012; Knoop et al., 2010; Larsen et al.,
2009; Luo et al., 2013; McKinlay and Harwood, 2010; McNaught et al., 2000; Saha et al.,
2012; Shastri and Morgan, 2005; Yang et al., 2002b; Young et al., 2011). These multiomics studies have improved our understanding and application of cyanobacterial cell
factories (Lee et al., 2009).
Nevertheless, cyanobacterial metabolism is still not completely resolved. Due to
the lack of α-ketoglutarate dehydrogenase, cyanobacteria were thought to have an
incomplete tricarboxylic acid (TCA) cycle (Pearce et al., 1969; Smith et al., 1967). This
assumption has been employed in most cyanobacterial metabolic models so far (Luo et al.,
2013; Shastri and Morgan, 2005; Young et al., 2011). Recently, a pair of enzymes from
Synechococcus sp. PCC 7002, α-ketoglutarate decarboxylase and succinic semialdehyde
dehydrogenase, were found to transform α-ketoglutarate into succinate in vitro (Zhang
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and Bryant, 2011). These two enzymes have homologues throughout cyanobacteria.
Contemporaneously, Nogales et al. identified an overlapping GABA (γ-aminobutyric
acid) shunt in silico that could also complete the TCA cycle via GABA and succinic
semialdehyde (Bolten et al., 2007). Such a pathway in cyanobacteria would help explain
previous observations that α-ketoglutarate added to cultures of a Synechocystis double
mutant strain (knockout succinate dehydrogenase and fumarate reductase) led to
accumulation of succinate (Bateman et al., 2007). However, an in vivo flux from αketoglutarate to succinate has not been measured (Knoop et al., 2010).
Another open question has been whether the glyoxylate shunt was active or even
existed. Glyoxylate shunt activity in some cyanobacterial species were reported (Ahn and
Antoniewicz, 2011; Latifi et al., 2009) and thus were included in the metabolic models of
Synechocystis 6803 (Bricker et al., 2004; Christiansen et al., 2002; Luo et al., 2013;
Shastri and Morgan, 2005). But homologues encoding isocitrate lyase and malate
synthase have still not been found. Moreover, the oxidative pentose phosphate pathway
(OPP pathway) in Synechocystis 6803 has been considered inactive under light conditions
(Luo et al., 2013), but this pathway was recently proved to be highly active in
photoautotrophic metabolism (Young et al., 2011). The previous application of 13C-MFA
to photomixotrophic metabolism in Synechocystis 6803 was operated in a culture lacking
carbonate and atmospheric CO2 (i.e., CO2 limiting condition) (Luo et al., 2013).
Moreover, the application of 13C-MFA requires the attainment of a metabolic steady state.
In a photobioreactor, cyanobacteria are continuously moving between “light” (near
surface of bioreactor) and “dark” zones (depending on mixing, cell density, and reactor
size/geometry). In the light zone, cells fix CO2 and accumulate glycogen, while they may
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use this storage component (or glucose in the medium) for “heterotrophic” metabolism in
the dark zone. To minimize such heterogeneous growth, this study has performed

13

C-

MFA experiments using small culture volume (<50mL) and low biomass density
(OD730<0.5) to ensure cell metabolism under light and carbon sufficient conditions. This
approach may provide a better understanding of photomixotrophic metabolism in
Synechocystis 6803.

4.2. Experimental Section
4.2.1. Photomixotrophic cultures
Synechocystis 6803 cultures were grown in a modified BG-11 medium containing
no sources of

12

C. Ferric ammonium citrate was replaced with ferric ammonium sulfate

(Katoh et al., 2001). 13C was supplied as ~2 g/L NaH13CO3 and 5 g/L glucose (U-13C6 or
1-13C1). The purity of

13

C-substrates was >98% (Cambridge Isotope Laboratories,

Tewksbury, MA, USA.). Inocula from an unlabeled Synechocystis 6803 autotrophic
culture (OD730 = ~0.9) was added into 30 mL

13

C-labeled medium in 100 mL serum

bottles, which were then sealed with rubber septa to prevent atmospheric CO2 intrusion.
All cultures were started with only a 0.5 % inoculation volume to minimize the
inoculation effect. Cell growth was under continuous illumination (~50 µmol photons m-2
s-1) on a shaker at 150 rpm at 30 °C. Cell density was monitored by a UV-Vis
spectrophotometer (GENESYS, Thermo Scientific) at 730 nm. The conversion ratio
between OD730 and dry biomass weight was 1 unit OD730 = 0.45 g dry cell weight /L.
Total Organic Carbon Analyzer (inorganic carbon measurement mode) with nondispersive infrared detector (Shimadzu Corporation, Japan) was used to determine
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sodium bicarbonate concentration in the culture supernatant. Enzyme kits (R-Biopharm,
Darmstadt, Germany) were used to measure the glucose concentrations in the culture.

4.2.2. Isotopic dilution experiments
Isotopic dilution experiments were employed to identify the presence of certain
pathways in vivo. To investigate the structure of the TCA cycle, we used glutamate
(instead of α-ketoglutarate) as the tracer since cyanobacteria exhibited very low
capability to uptake α-ketoglutarate (Dietmair et al., 2010). To examine the presence of
the glyoxylate shunt, we used glyoxylate as the tracer. Specifically, unlabeled glutamate
(10 mM) or unlabeled glyoxylate (15 mM) was added into 13C-labeled cultures (grown on
NaH13CO3 and U-13C6 glucose) during the exponential growth phase (OD730 = ~0.4).
After 30 minutes of incubation with a respective tracer, samples from two biological
replicates were harvested and free metabolites were extracted. To identify whether
Synechocystis 6803 used glutamate or glyoxylate for biomass synthesis, Synechocystis
6803 cultures were grown with a respective unlabeled tracer (10 mM glutamate or 15 mM
glyoxylate), NaH13CO3 and U-13C6 glucose for 48 hours (OD730 reached ~0.4). Samples
from two biological replicates were then collected to analyze the

12

C incorporation into

proteinogenic amino acids.

4.2.3. Metabolite extraction and GC-MS analysis
Isotopomer analysis of free metabolites and proteinogenic amino acids is based on
previous reports (Meadows et al., 2008; Tang et al., 2009b).
Intracellular free metabolites were used to qualitatively characterize functional
pathways. Figures 4-S1A, B, and C illustrate the molecular structure of TMS-derivatized
amino acids, succinate, and α-ketoglutarate. The fragment [M-15]+, minus a methyl group
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from the TMS group, includes the labeling information of the entire molecule. This
fragment, together with [M-43]

+

or [M-117]

+

(minus the α-carboxyl group from a

metabolite), was used for analysis.
Proteinogenic amino acids were used to determine the function and quantify the
metabolic fluxes. The mass fragments of ten key amino acids provided sufficient
constraints for flux calculations (Pingitore et al., 2007; Tang et al., 2007; Tang et al.,
2009a). The fragments ([M-57]+, [M-159]+ or [M-85]+, and f302) were used for flux
analysis (Bollinger et al., 2010). In addition, because of overlap peaks and product
degradations, several amino acids (proline, arginine, cysteine, and tryptophan) were not
analyzed. The isotopic labeling data are shown as mass fractions, i.e., M0, M1, M2, etc.,
representing fragments containing unlabeled, singly labeled, and doubly labeled
metabolites.

4.2.4. 13C-Metabolic Flux Analysis
13

C-MFA was used to quantify in vivo fluxes through the central metabolic

network in Synechocystis 6803. Photomixotrophic cultures were grown on 1-13C1 glucose
and NaH13CO3. Biomass was collected during the exponential growth phase for
proteinogenic amino acids analysis. The metabolic network of Synechocystis 6803 was
reconstructed based on tracer experiments and previous reports (Bauwe et al., 2010; Eibl
et al., 2008; Smith, 1983; Young et al., 2011; Zhang et al., 2010) that included glycolysis,
the Calvin Cycle, complete TCA Cycle, glyoxylate shunt, and photorespiration pathways
(Table 4-S1). In our 13C-MFA, relative metabolic fluxes through the central metabolism
were profiled with the assumption that the Calvin cycle flux from Ru5P to RuBP was 100.
The minimization of a quadratic function that calculated the difference between predicted
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and measured isotopomer patterns solved the relative metabolic fluxes (Table 4-S2). The
biomass composition (Table 4-S1) was based on a previous report (Saha et al., 2012).
Reaction reversibility was characterized by the exchange coefficient exch, defined as
vexch = β

exch
, where vexch was the exchange flux and β was the exchange constant
1- exch

(Dauner et al., 2001). In this study, β was equal to 500 and exch ranged from 0 to 1. The
forward flux (vforward) and backward flux (vbackward) in the model were transformed from
the vexch and the net flux, vnet, using following equation (Wiechert et al., 1997):

⎛ vforward ⎞ ⎛ vexch - min(-vnet , 0) ⎞
⎜
⎟ = ⎜
⎟ .
⎜ vbackward ⎟ ⎜ vexch - min(vnet , 0) ⎟
⎝
⎠
⎝
⎠
The optimization for 13C-MFA was performed as follows:
T
min (M exp - M sim (v)) (M exp - M sim (v))

(1)

s.t. v ∈ (lb, ub) ,

(2)

S⋅v = 0 ,

(3)

A i ⋅ Xi = Bi ⋅ Yi (i=1, 2, 3, 4, 5)

(4)

Equation 1 is the quadratic error function that was optimized and Mexp is the
vector of experimentally measured labeling patterns of amino acids. Msim is the
counterpart of the simulated data as a function of fluxes. v is the flux vector that is to be
determined. Equation 2 gives the boundary conditions of the flux variables. Equation 3
represents the metabolite balances. Equation 4 represents the elementary metabolite unit
(EMU) balance, where Xi and Yi represent the unknown and known EMU variables of
size i, respectively, and Ai and Bi are matrices of linear functions of the fluxes (Ajikumar
et al., 2010; Antoniewicz et al., 2007b).
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The MATLAB optimization solver ‘fmincon’ was employed to minimize the
quadratic error function. To avoid local minima, 100 initial guesses were randomly
generated, and the solution set that minimized the objective function was used as the best
fit. The Monte Carlo method was used to calculate 95% confidence intervals (Zhao and
Shimizu, 2003). The measured isotopomer data was perturbed 1000 times with normally
distributed noise within measurement error, and the optimization solver was restarted
with the optimal solution. The determination of confidence intervals of the fluxes (95%)
was based on 1000 simulations, and confidence intervals were used to calculate standard
deviations.

4.3. Results
4.3.1. Photomixotrophic biomass growth
Figure 4.1 shows the growth curves in serum bottles and shake flasks. Cell
doubling times were similar in both containers. The similarity of growth indicates that O2
accumulation in the serum bottle headspace had minimal effect on photomixotrophic
growth. During the early growth phase, the specific growth rate in the early exponential
phase was 0.079 h-1. After cultivation in serum bottles for 75 hours, cell growth slowed
down and the culture pH rose from 8 to 10.
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Figure 4. 1. Representative growth curve of Synechocystis 6803 under
photomixotrophic conditions.
The cultures were grown in shake flasks (open circles) or serum bottles (closed circles) in
modified liquid BG-11 medium supplemented with 5 g/L glucose and ~2 g/L sodium
bicarbonate. The circle highlights the metabolic pseudo-steady state period of cultivation.
The dot-dash line represents the growth curve under photoautotrophic conditions (in
shake flasks). Each symbol represents the mean value of biological triplicate cultures.
To determine a pseudo-steady state metabolic period for

13

C-MFA, biomass

samples from serum bottles were collected at different time points to analyze amino acid
labeling (Table 4-S2). The labeling patterns in biomass protein were relatively stable
(standard deviation were below 0.01) between samples taken within the first 48-hour
cultures (Table 4-S2). Thereby, our 13C-MFA was based on 13C-biomass samples taken at
early growth phase (OD730 = ~0.4, Table 4-S2).
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4.3.2. 13C-based pathway investigation
Based on isotopic dilution of downstream metabolites after incubating cell with
unlabeled precursors, in vivo enzyme functions were investigated in tracer experiments.
Prior to 12C-glutamate treatment, α-ketoglutarate (Figure 4.2A), succinate (Figure 4.2B),
and malate (Figure 4.2C) were nearly fully labeled (M5 for α-ketoglutarate; M4 for
succinate and malate) in
unlabeled glutamate,

12

13

C labeled cultures. After 30-minute of incubation with

C carbon from glutamate was incorporated into the downstream

metabolites of α-ketoglutarate. 12C abundance increased, to over 65% in succinate, 90%
in α-ketoglutarate, and 30% in malate. Mass spectra of these metabolites before and after
glutamate addition are shown in supporting information Figure 4-S1. After incubation
with unlabeled glutamate for 40 hours, all amino acids, except glutamate, from biomass
protein remained fully 13C labeled (Figure 4.3 and Supporting information Figure 4-S2).

Figure 4. 2. Tracing the Synechocystis TCA pathway by isotopic dilution
experiments.
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Panel A, B, and C show the isotopomer distributions of the [M-15]+ fragment in αketoglutarate, succinate, and malate (data from biological duplicates and technical
triplicates). Synechocystis 6803 was grown in the labeled medium with U-13C glucose
and NaH13CO3. Unlabeled glutamate was added during OD730 = ~0.4. Biomass samples
were harvested after 30-min incubation from cultures with ( ) or without ( ) unlabeled
glutamate. D shows different scenarios of microbial TCA pathways. Error bars indicate
standard deviations of averages from two biological and three technical replicates. Stars
in the figures indicate 0 values.

Figure 4. 3. Long-term tracer experiment results with unlabeled glutamate.
Biomass samples (OD730 = ~0.4, data from biomass duplicates and technical triplicates)
were harvested after a 48-hour incubation in fully labeled photomixotrophic cultures with
n

i

i =0

n

( ) or without ( ) unlabeled glutamate. The 12C-enrichment is calculated by ∑

M ( n −i )

(n is the total carbon number of an amino acid; M the relative molar concentration of
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mass isotopomer n-i). The error bars in the figure represent the standard deviation among
samples (n=2). The inset figure shows growth of cultures with ( ) or without ( )
unlabeled glutamate (i.e., glutamate showed inhibition to cyanobacterial growth)
Labeled cultures pulsed with unlabeled glyoxylate showed a shift from fully

13

C

to 12C in free glycine and glyoxylate (M2 to M0, Figure 4.4A). However, no significant
shift was observed in succinate and α-ketoglutarate, both of which are downstream
metabolites of malate. After the labeled culture was incubated with unlabeled glyoxylate
for 40 hours, 12C was only incorporated into proteinogenic glycine (Figure 4.4B), while
other proteinogenic amino acids remained highly labeled.

Figure 4. 4. Tracing Synechocystis glyoxylate shunt by tracer experiments.
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A shows the 12C-ratio of free metabolites. Biomass samples were harvested after 30-min
incubation in fully labeled cultures (OD730 = ~0.4) with ( ) or without ( ) unlabeled
glyoxylate. The inset shows the isotopomer distribution of free glycine. B shows the 12Cenrichment of proteinogenic amino acids (n=2). Biomass samples were harvested after a
48-hour incubation in fully labeled cultures with ( ) or without ( ) unlabeled glyoxylate.
The inset shows the isotopomer distribution of proteinogenic glycine. The error bars
represent the standard deviations of averages from two biological and three technical
replicates. Stars in the figure indicate that the MS peaks cannot be detected by GC-MS.

4.3.3. Flux analysis results
13

C-MFA results are sensitive to model network construction, the labeling

patterns of substrates, and the completeness of isotopomer data. In this study, the isotopic
dilution experiments were employed to reconstruct a 13C-MFA network with a complete
TCA cycle and an active glyoxylate shunt in Synechocystis 6803. Singly labeled glucose
and fully labeled bicarbonate were used to generate unique isotopomer data in amino
acids. Via advanced EMU simulations and isotopomer information from different MS
fragments,

13

C-MFA profiled the photomixotrophic metabolism under light/carbon

sufficient conditions. Relative flux distributions, exchange coefficients for reversible
reactions, and 95% confidence intervals are shown in Figure 4.5 and Supporting
information Table 4-S1. The simulated fluxes fit the isotopomer data well (r2 > 0.99,
Supporting information Figure 4-S3).
13

C-MFA indicated that Synechocystis 6803 had a high CO2 fixation flux through

the Calvin cycle (~100) than the glucose uptake flux (~18) in the early photomixotrophic
growth phase. Consistent with this observation, less than 0.1 g/L glucose was consumed
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during early growth phase. In contrast, previous

13

C-MFA of photomixotrophic

metabolism in Synechocystis 6803 under CO2 limiting conditions found the glucose
uptake flux to be ~50 (Luo et al., 2013). In another study, when cell culture was dense
(OD730 up to 20), Synechocystis 6803 utilized significantly more glucose than CO2 for its
growth (Zahnle et al., 2010). Thereby, CO2 and light conditions can significantly affect
the photomixotrophic metabolism in Synechocystis 6803.
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Figure 4. 5. Flux distribution in the central metabolism of Synechocystis 6803 under
photomixotrophic conditions.
All the estimated relative flux rates are shown beside the pathways, which are normalized
to the Calvin cycle flux (note: Ru5P ! RuBP flux was assumed to be 100). The standard
deviation of each flux was shown in the figure, which was calculated based on the 95%
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confidence intervals (Table 4-S1). The grey arrows represent the fluxes to biomass. The
estimated glucose consumption rate was 0.24 mmol g-1 dry cell weight hour-1 (Supporting
information S2).
Under photomixotrophic conditions with sufficient light and carbon sources, the
flux from α-ketoglutarate to succinate was not significant (<2% of total CO2 uptake).
Most of the flux from α-ketoglutarate went to glutamate biosynthesis. The glyoxylate
shunt did not show a measureable flux (<0.1% of total CO2 uptake). Additionally, the
OPP pathway showed a measurable flux (1.9% of total CO2 uptake), which played a
minor role in C5 carbon synthesis and NADPH production. The flux through
photorespiration, however, was limited to 0.1% of total CO2 uptake. Although the
confidence intervals (Table 4-S1) of these anaplerotic reactions (PEP + CO2 ! OAA;
MAL ! CO2 + PYR) were larger than those of other fluxes, malic enzyme showed
significant flux and was the main route for supplying pyruvate.

4.4. Discussion
4.4.1. TCA cycle metabolism
Cyanobacteria are prokaryotic bacteria responsible for the conversion of the early
atmosphere into our current oxygen-rich atmosphere (Tang et al., 2013). Primitive
anaerobic prokaryotes developed two separate TCA pathways: the reductive branch
(oxaloacetate to succinate) and the oxidative branch (citrate to α-ketoglutarate) (Figure
4.2D (i)). Some anaerobic bacteria, such as Clostridium acetobutylicum, use a bifurcated
TCA cycle that terminates at succinate (Figure 4.2D (ii)). As atmospheric oxygen levels
rose, the two branches linked to complete the TCA cycle. For example, TCA cycle in
facultative anaerobes (e.g., E. coli) can be complete if oxygen is present (Figure 4.2D
55

(iii)). A phototrophic bacterium, Chlorobaculum tepidum, employs a reverse TCA cycle
(Feng et al., 2010) (Figure 4.2D (iv)).
In our study, the labeling patterns of free metabolites indicated that the pathway
for converting α-ketoglutarate to succinate can be complete under glutamate addition
conditions. Significant amounts of unlabeled α-ketoglutarate, succinate, and malate
(Figure 4.2A, B and C) were observed after unlabeled glutamate was added into

13

C

labeled cultures. Since α-ketoglutarate dehydrogenase activity has never been shown to
exist in cyanobacteria, we presume that this conversion was accomplished by a newly
discovered pathway through succinic semialdehyde (Bolten et al., 2007; Knoop et al.,
2010; Zhang and Bryant, 2011). On the other hand, key proteinogenic amino acids, e.g.,
aspartate (derived from oxaloacetate), alanine (derived from pyruvate), and serine
(derived from 3-phosphoglycerate), had very little

12

C incorporation (<5%) from

glutamate after two-day incubation with unlabeled glutamate (Figure 4.3). These results
qualitatively indicated that the flux from α-ketoglutarate towards the complete TCA cycle
was very small compared to other fluxes (e.g., fluxes through glycolysis and Calvin
Cycle). The low conversion from α-ketoglutarate to its TCA cycle downstream
metabolites was also observed in a Synechococcus elongatus PCC 7942 mutant (with an
engineered α-ketoglutarate permease), in which α-ketoglutarate was mainly converted
into glutamate and glutamine instead of TCA cycle downstream metabolites (Dietmair et
al., 2010).
Although our

13

C-study cannot distinguish whether the conversion of α-

ketoglutarate to succinate was via α-ketoglutarate decarboxylase or the GABA shunt
(Bolten et al., 2007), this reaction may be notable in cyanobacterial metabolism only
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under certain conditions (e.g., with the presence of large amount of glutamate or αketoglutarate). The poor activity of this reaction may also explain why the previous tracer
studies did not observe the conversion of α-ketoglutarate to succinate in which they used
an assay to detect α-ketoglutarate dehydrogenase activity (Pearce et al., 1969), as
opposed to the decarboxylase activity that has been more recently observed to convert αketoglutarate to succinate (Zhang and Bryant, 2011).
Although many cyanobacterial species appear to have a complete TCA cycle
pathway, it may not be adapted to carry a large flux. A recent FBA model indicates that a
complete cyanobacterial TCA cycle via AKG dehydrogenase may reduce biomass growth
due to the unnecessary metabolic burden for the synthesis of multi-protein enzymes
(Caspi et al., 2012). For organisms that obtain sufficient reducing equivalents from light
reactions, the use of a complete TCA cycle to oxidize carbon is unnecessary. Thereby,
the complete TCA pathways in Synechocystis 6803 may serve only to regenerate
intermediates or fine-tune the metabolic balance under certain photomixotrophic
conditions (such as the presence of extracellular glutamate).

4.4.2. The glyoxylate shunt
This study also examined the presence of glyoxylate shunt and determined its
function in Synechocystis 6803. Previous metabolic models predicted that Synechocystis
6803 contains a bacterial-like glyoxylate shunt (Luo et al., 2013). However,
Synechocystis 6803 and nearly all other sequenced cyanobacteria, lack homologues of
known genes that encode isocitrate lyase and malate synthase. Some 13C-MFA (Young et
al., 2011) and FBA (McNaught et al., 2000; Shastri and Morgan, 2005) studies have also
suggested that the glyoxylate shunt in Synechocystis 6803 was incomplete under
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photoautotrophic and photomixotrophic conditions. In our tracer experiments with the
addition of unlabeled glyoxylate during the exponential phase, we observed the uptake of
glyoxylate and its conversion to glycine (Figure 4.4A). However, in the proteinogenic
amino acids of

13

C-cultures grown with

12

C glyoxylate (Figure 4.4B), we did not see

significant 12C accumulation in proteinogenic amino acids downstream of malate (i.e., the
end-product of the glyoxylate shunt), including alanine and aspartate (Figure 4.4B).
Statistically,

13

C-MFA showed that the in vivo flux through the presumed glyoxylate

shunt was essentially zero (Figure 4.5). This observation of the glyoxylate shunt is
supported by a recent enzymatic test using crude extracts of Synechocystis 6803 cells, in
which no isocitrate lyase activity was detected (Caspi et al., 2012).

4.4.3. Malic enzyme activity
Under continuous light illumination, the malic enzyme is important for optimal
Synechocystis 6803 growth. Its gene expression (slr0721) is highly expressed under
photomixotrophic conditions compared to photoautotrophic conditions (Pingitore et al.,
2007). Moreover, 13C-MFA revealed significant malic enzyme flux in Synechocystis 6803
under photoautotrophic (Young et al., 2011) and CO2 limited photomixotrophic
cultures(Luo et al., 2013). Previous reports indicated that the malic enzyme reaction
(Malate ! Pyruvate + CO2 + NADPH) is instrumental in a carbon concentration
mechanism akin to that in C4 plants, and this enzyme may indirectly transport NADPH
between different cell locations. In this study, high malic enzyme activity was observed
when the bicarbonate and reduced carbon source were sufficient. In fact, deletion of
malic enzyme gene significantly reduces Synechocystis 6803 growth under both
autotrophic and glucose-based mixotrophic conditions, while the growth can be
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recovered by providing pyruvate (Shuvalov et al., 1986). Thereby, high flux through
malic enzyme (~31) is likely to serve as a key route for pyruvate synthesis when pyruvate
kinase is inhibited by ATP a negative allosteric inhibitor under photosynthetic conditions
(Shuvalov et al., 1986).

4.4.4. The oxidative pentose phosphate pathway
The OPP pathway is an important NADPH synthesis route in heterotrophic
organisms. Since photosynthetic light reactions produce significant amounts of NADPH,
the OPP pathway becomes futile in photoautotrophic metabolism. A cyanobacterial
mutant (Δzwf) of Synechococcus sp. strain PCC 7942, that lacks the OPP pathway
enzymes, exhibited a similar growth rate to the wild-type strain under autotrophic
conditions (Scanlan et al., 1995). Moreover, glucose in phototrophic cultures has been
shown to either increase or have a small effect on key OPP pathway enzyme
transcriptions (Kahlon et al., 2006; Pingitore et al., 2007; Yang et al., 2002c). Taken
together, these data indicate that the OPP pathway is dispensable under light conditions.
However, the OPP pathway mutant described above exhibits decreased viability under
dark incubations (Scanlan et al., 1995). FBA models also predicted that the OPP pathway
was active only under light-limited conditions (Shastri and Morgan, 2005). Our
experiments measured a low flux (~1.5) through the OPP pathway under early
photomixotrophic growth conditions. However, biomass samples collected from the late
growth phase (Table 4-S2) showed a higher unlabeled proteinogenic histidine (M0
fraction, Table 4-S2), indicating that more glucose was directed to OPP for ribose-5phosphate synthesis (precursor of histidine). These results suggest a flexibility of the OPP
pathway in balancing NADPH under different growth conditions.

59

4.4.5. Limitations of our 13C-MFA techniques for cyanobacterial study
13

C-MFA is highly dependent on metabolic model constructions. Nevertheless,

incomplete annotations, errors, or inconsistencies are prevalent in cyanobacterial genome
databases, rendering it difficult to generate a comprehensive metabolic network for 13CMFA. Tracer experiments were used here to examine the structure of cyanobacterial
metabolic network. Since the key intemediate tracers (e.g.,

13

C-glutamate and

13

C-

glyoxylate) are prohibitively expensive, an inverse tracer labeling approach was
employed to save experimental costs. A
commonly used

13

13

C-culture background was first built with

C-substrates (bicarbonate and glucose). Unlabeled glutamate or

glyoxylate were then added into the

13

C-cultures as tracers. Their incoropration into

downstream metabolites were used to determine pathway functions. Since the addition of
intermediate tracers may change cell metabolism, the results from isotopic dilution
experiments were only used to build a more accurate 13C-MFA model.
In addition, the application of 13C-MFA requires the attainment of a steady state
with minimal labeling changes in the central metabolism. Therefore, metabolisms under
photoautotrophic or circadian conditions cannot be analyzed using steady-state 13C-MFA.
Although an advanced isotopic non-stationary MFA (Young et al., 2011) has been
developed to capture the transient states of metabolic networks, it is difficult to precisely
measure the labeling patterns of low-abundant and unstable free metabolites. It is also
difficult to resolve the unexpected labeling kinetics of free metabolites caused by
metabolic channeling (Young et al., 2011). Furthermore, the degradation-regeneration of
certain cellular polymers (e.g., cyanophycin) may exchange carbons between free
metabolites and macromolecules, interfering with non-stationary metabolite labeling

60

(Kind et al., 2009). Therefore, a steady-state

13

C-MFA is more suitable to probe

cyanobacteria metabolisms. Synechocystis 6803’s metabolism is diverse and affected by
both light and carbon conditions, so the observed results pertain solely to
photomixotrophic conditions when light and carbon sources are sufficient.

4.5. Conclusions
This study used

13

C-metabolism analysis to delineate the photomixotrophic

metabolism of Synechocystis 6803.

13

C-analysis confirmed the in vivo conversion of α-

ketoglutarate to succinate when an additional source was supplied to increase the αketoglutarate pool size (e.g., glutamate) while this flux under photomixotrophic
conditions is negligible compared to all other fluxes in the model. Glyoxylate was
discovered as a potential source for glycine synthesis, while the activity of the glyoxylate
shunt was not observed. Under photomixotrophic conditions, malic enzyme, rather than
pyruvate kinase, is a fundamental route for pyruvate synthesis. Oxidative pentose
phosphate pathway flux is low when light and inorganic carbon is sufficient. These
findings complement information of previous multiple-omics studies, which have shown
that 13C-tools greatly advance the understanding of cellular metabolisms. This study also
suggests that the photomixotrophic metabolism of cyanobacteria can efficiently
incorporate both sugar and CO2 for biosynthesis, resulting in potentially higher biomass
density and productivity.
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Supporting Information for Chapter 4
Contents: Experimental details
Two tables (4-S1 and 4-S2)
Three figures (4-S1 – 4-S3)

Figure 4-S1. Mass spectra of key metabolites from Synechocystis 6803
photomixotrophic culture. A: TMS-derivatized amino acid. Carbon backbone is shown
in the box. Derivatized groups are in italics. B: TMS-derivatized succinate. Carbon
skeleton from succinate is boxed in the common fragments: fragments [M-15]+ (-CH3
loss of TMS), and [M-117]+ (loss of -C(O)O- and -CH3 of TMS). C: ion fragments used
63

for analysis of α-ketoglutarate. D, E, and F are mass spectrums of succinate, αketoglutarate, and malate standards, respectively. G, H, and I are the mass spectrums of
succinate, α-ketoglutarate, and malate from cultures growing with NaH13CO3 and U-13Cglucose. J, K, and L are the mass spectra of these metabolites after

12

C-glutamate pulse

into 13C-culture. Insets show the MS/MS spectra for the peaks of interest.

Figure 4-S2. Long-term tracer experiments and proteinogenic amino acid analysis.
12

C enrichment of four proteinogenic amino acids from the labeled mixotrophic cultures

with ( ) and without ( ) unlabeled glutamate. Glutamate was added at inoculation point
and samples were harvested 40 hours later (OD730 = ~0.4) for analysis. Error bars
represent standard deviations of two independent samples.
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Figure 4-S3.

13

C-MFA model fitting (photomixotrophic metabolism using 1st position

labeled glucose and NaH13CO3). The data shown is [M-57]+, [M-85]+, or [M-159]+
isotopomer distributions for ten amino acids. The fit between predicted and observed
isotopomer distributions is reasonably good, with r2 > 0.99.
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Table 4-S1. Complete list of estimated fluxes and exchange coefficients.
Flux
Reactions
Bestfit
v1
v2
v3
v4
v5
v6
v7
v8
v9
v10
v11
v12
v13
v14
v15
v16
v17
v18
v19
v20
v21
v22
v23
v24
v25
v26
v27
v28
v29
v30
v31
v32
v33
v34
v35
v36
v37
v38
v39
v40
v41
v42
v43
v44
v45
v46

Glucose => G6P
G6P <=> F6P
F6P => FBP
FBP <=> DHAP + GAP
DHAP <=> GAP
GAP <=> 3PG
3PG <=> PEP
PEP <=> PYR
PYR => AceCoA + CO2
AceCoA + OAA => CIT
CIT <=> ICIT
ICIT => AKG + CO2
AKG => SUC + CO2
SUC => SucCoA
SUC <=> FUM
FUM <=> MAL
MAL <=> OAA
MAL => PYR + CO2
PEP + CO2 => OAA
G6P => Ru5P + CO2
Ru5P => RuBP
RuBP + CO2 => 2*GAP
X5P <=> Ru5P
R5P <=> Ru5P
GAP + S7P <=> X5P + R5P
E4P + F6P <=> GAP + S7P
E4P + DHAP => S7P
GAP + F6P <=> X5P + E4P
ICIT => GLX + SUC
GLX + AceCoA <=> MAL
RuBP + O2 => GLC + 3PG
GLX => GLY
2*GLC => 3PG + CO2
GLX => 2*CO2
AKG => GLU
GLU => GLN
GLU => PRO
GLU + CO2 + GLN + ASP => ARG + AKG + FUM
OAA + GLU => ASP + AKG
ASP => ASN
PYR + GLU => ALA + AKG
3PG + GLU => SER + AKG
SER <=> GLY + MTHF
GLY <=> CO2 + MTHF
SER => CYS
ASP => THR
66

95%
LB
UB
Confidence
17.80 17.12
20.51
14.59 13.59
15.24
Interval
-0.30 -20.08
0.43
-0.30 -20.08
0.43
-54.70 -54.89 -52.67
49.61 42.15
51.79
6.71 143.48
2.34
26.72
143.12
137.82
27.81 25.49
32.20
3.76
3.60
10.84
3.76
3.60
10.84
3.76
3.59
7.37
0.18
0.01
4.33
0.92
0.71
0.94
0.18
0.01
7.82
2.32
2.16
9.62
-28.69 -31.52 -7.28
31.01 10.28
35.06
40.85 19.94
44.45
1.51
1.03
4.96
100.00 100.00 100.00
99.85 94.33
99.94
68.25 65.67
68.41
30.23 29.32
30.90
33.61 32.37
33.69
-19.75 -20.17
0.00
53.37 33.52
53.75
34.64 33.29
34.72
0.00
0.00
4.89
0.00
0.00
1.13
0.15
0.06
5.44
0.12
0.03
2.60
0.01
0.00
1.84
0.01
0.01
1.35
27.87 26.13
31.01
1.86
1.44
1.91
0.95
0.73
0.97
0.62
0.48
0.64
8.40
6.52
8.65
0.66
0.51
0.68
2.32
1.80
2.39
7.12
5.60
14.92
5.30
3.75
13.46
2.25
0.65
12.05
0.47
0.36
0.48
2.01
1.56
2.07

v47
v48
v49
v50
v51
v52
v53
v54
v55

ASP + PYR + GLU + SucCoA => LYS + CO2 + AKG + SUC
ASP + CYS + SucCoA + MTHF => MET + PYR + SUC
2*PYR + GLU => VAL + AKG + CO2
AceCoA + 2*PYR + GLU => LEU + AKG + 2*CO2
THR + PYR + GLU => ILE + AKG + CO2
2*PEP + E4P + GLU => PHE + AKG + CO2
2*PEP + E4P + GLU => TYR + AKG + CO2
SER + R5P + 2*PEP + E4P + GLN => TRP + GAP + PYR +
R5P + GLN + ASP + MTHF => HIS + AKG + FUM
GLU + CO2
0.284*G6P+0.495*R5P+0.046*GAP+0.173*DHAP+0.046*PY

0.63
0.29
1.20
1.86
1.02
0.52
0.35
0.16
0.26

0.49
0.22
0.93
1.44
0.79
0.40
0.27
0.13
0.20

0.65
0.30
1.24
1.91
1.05
0.54
0.36
0.17
0.27

5.98

4.64

6.17

<0.01
0.47
<0.01
0.49
0.97
0.49
<0.01
0.50
0.49
0.50
0.01
0.18
0.99
0.07
<0.01
<0.01
0.99
<0.01
<0.01

0.00
0.00
0.00
0.32
0.46
0.00
0.00
0.46
0.45
0.44
0.00
0.02
0.15
0.05
0.00
0.00
0.21
0.00
0.00

0.56
0.65
0.52
0.84
1.00
0.63
0.63
0.54
0.57
0.55
0.48
0.82
0.99
0.44
0.63
0.14
0.99
0.45
0.04

R+3.707*AceCoA+0.530*GLY+0.158*PRO+0.387*ALA+0.2
v56

01*VAL+0.310*LEU+0.171*ILE+0.048*MET+0.030*CYS+0.
087*PHE+0.058*TYR+0.027*TRP+0.043*HIS+0.105*LYS+0
.104*ARG+0.136*GLN+0.110*ASN+0.200*GLU+0.657*ASP
+0.199*SER+0.165*THR=>Biomass+0.21*FUM

Exchange coefficient of Reaction:G6P => F6P
Exchange coefficient of Reaction:F6P => FBP
Exchange coefficient of Reaction:FBP => DHAP + GAP
Exchange coefficient of Reaction:DHAP => GAP
Exchange coefficient of Reaction:GAP => 3PG
Exchange coefficient of Reaction:3PG => PEP
Exchange coefficient of Reaction:PEP => PYR
Exchange coefficient of Reaction:CIT => ICIT
Exchange coefficient of Reaction:SUC => SucCoA
Exchange coefficient of Reaction:SUC => FUM
Exchange coefficient of Reaction:FUM => MAL
Exchange coefficient of Reaction:MAL => OAA
Exchange coefficient of Reaction:X5P => Ru5P
Exchange coefficient of Reaction:R5P => Ru5P
Exchange coefficient of Reaction:GAP + S7P => X5P + R5P
Exchange coefficient of Reaction:E4P + F6P => GAP + S7P
Exchange coefficient of Reaction:GAP + F6P => X5P + E4P
Exchange coefficient of Reaction:SER => GLY + MTHF
Exchange coefficient of Reaction:GLY => MTHF + CO2
Note: v38, v55 and v56 are three reactions related to fumarate generation.
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Table 4-S2. Comparison of experimental and simulated labeling profiles from
mixotrophic culture grown on NaH13CO3 and 1-13C1 glucose.
Average Standard
Amino
Time point 1
Time point 2
Simulated Time point 3
Ions
measured deviation
Acids
(OD730=0.38)
(OD730=0.46)
data
(OD730=1.13)
data
(n=4)
[M-57]+
M0
0.133
0.126 0.122 0.118
0.125
0.006
0.126
0.507
M1
0.192
0.190 0.192 0.190
0.191
0.001
0.191
0.237
M2
0.480
0.480 0.484 0.491
0.484
0.005
0.479
0.203
Ala
M3
0.196
0.205 0.202 0.201
0.201
0.004
0.208
0.053
[M-159]+
M0
0.305
0.295 0.296 0.286
0.295
0.008
0.295
0.681
M1
0.493
0.494 0.498 0.500
0.496
0.003
0.496
0.229
M2
0.203
0.211 0.206 0.215
0.209
0.005
0.209
0.091
+
[M-57]
M0
0.153
0.144 0.154 0.145
0.149
0.005
0.144
0.525
M1
0.614
0.604 0.615 0.623
0.614
0.007
0.612
0.390
Gly
M2
0.233
0.252 0.231 0.233
0.237
0.010
0.244
0.085
[M-85]+
M0
0.749
0.725 0.755 0.733
0.740
0.014
0.740
0.902
M1
0.252
0.275 0.245 0.267
0.260
0.014
0.260
0.098
[M-57]+
M0
0.052
0.052 0.050 0.054
0.052
0.001
0.038
0.396
M1
0.121
0.123 0.116 0.116
0.119
0.004
0.118
0.268
M2
0.256
0.252 0.259 0.274
0.260
0.010
0.263
0.170
M3
0.327
0.335 0.335 0.332
0.332
0.004
0.335
0.100
M4
0.199
0.182 0.195 0.180
0.189
0.009
0.202
0.050
Val
M5
0.045
0.057 0.045 0.044
0.048
0.006
0.044
0.017
+
[M-159]
M0
0.108
0.113 0.108 0.112
0.110
0.003
0.092
0.532
M1
0.287
0.291 0.289 0.304
0.293
0.008
0.294
0.279
M2
0.352
0.345 0.351 0.350
0.350
0.003
0.364
0.114
M3
0.201
0.202 0.202 0.185
0.198
0.008
0.206
0.058
M4
0.052
0.049 0.050 0.048
0.050
0.002
0.045
0.017
[M-159]+
M0
0.053
0.043 0.051 0.048
0.049
0.002
0.034
0.439
M1
0.167
0.146 0.168 0.167
0.162
0.003
0.166
0.287
Leu
M2
0.307
0.298 0.309 0.309
0.306
0.005
0.320
0.142
M3
0.291
0.301 0.291 0.294
0.294
0.002
0.306
0.078
M4
0.146
0.166 0.145 0.146
0.151
0.005
0.147
0.041
M5
0.037
0.046 0.035 0.036
0.038
0.001
0.028
0.013
5
+
[M-159]
M0
0.019
0.019 0.016 0.020
0.019
0.002
0.004
0.085
M1
0.099
0.092 0.098 0.100
0.097
0.003
0.097
0.475
Ile
M2
0.294
0.303 0.291 0.300
0.297
0.005
0.293
0.259
M3
0.344
0.344 0.349 0.346
0.346
0.002
0.359
0.112
M4
0.194
0.195 0.195 0.184
0.192
0.005
0.202
0.054
M5
0.051
0.047 0.050 0.050
0.049
0.001
0.044
0.016
68

Ser

Phe

Asp

M0
M1
M2
M3

0.127
0.178
0.486
0.209

0.105
0.194
0.495
0.207

0.119
0.197
0.478
0.207

0.127
0.188
0.485
0.201

M0
M1
M2
M3
M4
M5
M6
M7
M8
M9

0.039
0.050
0.129
0.177
0.172
0.154
0.130
0.099
0.037
0.013

0.036
0.062
0.141
0.190
0.172
0.145
0.119
0.092
0.041
0.002

0.025
0.052
0.117
0.176
0.180
0.152
0.147
0.102
0.035
0.015

0.028
0.050
0.130
0.182
0.163
0.147
0.144
0.090
0.051
0.014

M0
M1
M2
M3
M4
M5
M6
M7
M8

0.055
0.125
0.190
0.176
0.155
0.146
0.096
0.048
0.009

0.067
0.148
0.199
0.158
0.163
0.130
0.092
0.035
0.009

0.049
0.122
0.197
0.170
0.155
0.150
0.101
0.049
0.008

0.054
0.129
0.188
0.175
0.162
0.141
0.102
0.041
0.008

M0
M1
M2

0.150
0.597
0.253

0.155
0.627
0.218

0.129
0.610
0.262

0.130
0.612
0.258

M0
M1
M2
M3
M4

0.018
0.111
0.190
0.466
0.214

0.015
0.111
0.185
0.477
0.212

0.014
0.119
0.185
0.486
0.197

0.015
0.113
0.186
0.477
0.209

M0
M1
M2
M3

0.025
0.281
0.468
0.226

0.021
0.280
0.494
0.205

0.023
0.297
0.479
0.201

0.025
0.275
0.500
0.201

M0
M1

0.142
0.602

0.147
0.588

0.142
0.607

0.139
0.599

[M-57]+
0.119
0.189
0.486
0.206
[M-57]+
0.032
0.054
0.129
0.181
0.172
0.150
0.135
0.096
0.041
0.011
[M-159]+
0.056
0.131
0.193
0.170
0.158
0.142
0.098
0.043
0.009
f302
0.141
0.611
0.248
[M-57]+
0.016
0.114
0.186
0.477
0.208
[M-159]+
0.023
0.283
0.485
0.208
f302
0.143
0.599
69

0.010
0.009
0.007
0.003

0.119
0.189
0.486
0.206

0.546
0.223
0.183
0.048

0.006
0.006
0.010
0.006
0.007
0.004
0.013
0.006
0.007
0.006

0.018
0.055
0.128
0.191
0.182
0.157
0.141
0.091
0.032
0.005

0.302
0.262
0.185
0.088
0.056
0.035
0.029
0.025
0.012
0.000

0.007
0.012
0.005
0.008
0.004
0.008
0.005
0.007
0.001

0.040
0.135
0.193
0.180
0.167
0.152
0.095
0.033
0.005

0.401
0.293
0.132
0.060
0.040
0.031
0.025
0.015
0.000

0.013
0.012
0.020

0.142
0.611
0.244

0.174
0.628
0.198

0.002
0.004
0.003
0.008
0.008

0.003
0.135
0.185
0.473
0.204

0.050
0.499
0.213
0.192
0.046

0.002
0.010
0.014
0.012

0.014
0.300
0.479
0.208

0.070
0.659
0.215
0.057

0.003
0.008

0.135
0.598

0.176
0.623

Glu

His

M2

0.256

0.266

0.251

0.262

M0
M1
M2
M3
M4
M5

0.013
0.092
0.283
0.350
0.208
0.055

0.015
0.094
0.285
0.353
0.202
0.050

0.012
0.091
0.283
0.354
0.204
0.057

0.013
0.088
0.299
0.350
0.192
0.058

M0
M1
M2
M3
M4

0.100
0.290
0.347
0.203
0.060

0.103
0.290
0.352
0.197
0.058

0.098
0.282
0.364
0.202
0.053

0.101
0.285
0.364
0.197
0.053

M0
M1
M2
M3
M4
M5
M6

0.036
0.138
0.173
0.216
0.240
0.146
0.052

0.041
0.128
0.187
0.185
0.259
0.157
0.044

0.033
0.130
0.197
0.216
0.239
0.150
0.036

0.030
0.118
0.186
0.193
0.239
0.165
0.070

0.259
[M-57]+
0.013
0.091
0.287
0.352
0.201
0.055
[M-159]+
0.101
0.287
0.357
0.200
0.056
[M-57]+
0.035
0.128
0.186
0.202
0.244
0.154
0.051
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0.006

0.267

0.201

0.001
0.002
0.008
0.002
0.007
0.003

0.004
0.097
0.293
0.359
0.202
0.044

0.057
0.542
0.250
0.098
0.040
0.013

0.002
0.004
0.009
0.003
0.004

0.092
0.294
0.364
0.206
0.045

0.573
0.541
0.250
0.098
0.040

0.005
0.008
0.010
0.016
0.010
0.008
0.014

0.020
0.131
0.202
0.207
0.246
0.157
0.037

0.297
0.335
0.164
0.088
0.061
0.042
0.013

Adapted with permission from [ Le You, Bert, Berla, Lian He, Himadri B Pakrasi, Yinjie
Tang.
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C-MFA delineates the photomixotrophic metabolism of Synechocystis sp. PCC

6803 under light- and carbon-sufficient conditions. Biotechnology Journal, 2014, 9(5):
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Chapter 5. Photoheterotrophic Carbon and Energy
Metabolism in Synechocystis sp. PCC 6803
Results of this chapter have been published in Journal of Bacteriology, 2014.

Abstract
This study investigated metabolic responses in Synechocystis sp. PCC 6803 to
photosynthetic impairment. We used 3-(3,4-Dichlorophenyl)-1,1-dimethylurea (DCMU)
to block O2 evolution and ATP/NADPH generation by linear electron flow. Based on
13

C-metabolic flux analysis and RNA Sequencing, we have found that Synechocystis

6803 employs a unique photoheterotrophic metabolism. First, glucose catabolism forms a
cyclic route that includes the oxidative pentose phosphate pathway and the glucose-6phosphate isomerase (PGI) reaction. Glucose-6-phosphate is extensively degraded by the
OPP pathway for NADPH production and replenished by the reversed PGI reaction.
Second, the Calvin cycle is not fully functional, but RuBisCO continues to fix CO2 and
synthesize 3-phosphoglycerate. Third, the relative flux through the complete TCA cycle
and succinate dehydrogenase is small under heterotrophic condition, indicating that the
newly discovered cyanobacterial TCA cycle plays a minimal role in energy metabolism.
Fourth, both NAD(P)H oxidation and the cyclic electron flow (CEF) around photosystem
I are two main ATP sources, in which CEF accounts for at least 40% of total ATP
generation from photoheterotrophic metabolism. This study not only demonstrates a new
topology for carbohydrate oxidation but also provides quantitative insights into metabolic
bioenergetics in cyanobacteria.
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5.1. Introduction
Cyanobacteria which first appeared in shallow marine settings as early as three
billion years ago (Planavsky et al., 2014; Rasmussen et al., 2008), are now widely
distributed in diverse nutrient and light environments (Anderson and McIntosh, 1991;
Eiler, 2006; Smith, 1983). They can perform oxygenic photosynthesis and respiration
simultaneously in the same compartment (Vermaas, 2001). Cyanobacteria contain two
photosystems to harvest light energy (Tamoi et al., 2005). Photosystem II (PSII) splits
water and transports electrons through plastoquinone (PQ), Cyt b6f, plastocyanin, and
sequentially photosystem I (PSI), forming a linear electron flow (LEF) to produce ATP
and NADPH. Alternatively, a cyclic electron flow (CEF) runs around PSI to generate
ATP (Kramer and Evans, 2011; Livingston et al., 2010). Cyanobacterial CEF involves
respiratory electron transport reactions and PSI enzymes. NAD(P)H dehydrogenase
complex (NDH-1) oxidizes NADPH and provides electrons for the PQ pool. Then, the
electrons from PQ flow to PSI and ferredoxin to regenerate NADPH via ferredoxinNADP+ reductase (FNR). The CEF can regulate ATP and NADPH ratios for CO2 fixation
and respiration in plants (Takabayashi et al., 2005). Cyanobacteria have a much larger
PSI content than plants. For example, the PSI/PSII ratio in Synechocystis 6803 is about 5,
suggesting the significant role of PSI in energy metabolism (Vermaas, 2001). To decipher
photosynthesis mechanisms, researchers often use the herbicide 3-(3,4-Dichlorophenyl)1,1-dimethylurea (DCMU) to block the PQ binding site of PSII so that the LEF is
inactivated. Under DCMU treatment, cyanobacteria are unable to grow autotrophically,
but can recover their growth in the presence of glucose (photoheterotrophic condition).
The metabolic responses to DCMU stress can provide insights into the bioenergetics of
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photosystems. However, it is still difficult to directly quantify ATP generation from CEF
or LEF experimentally.
This study applied the 13C-MFA to analyze the carbon and energy metabolisms in
Synechocystis 6803 after DCMU impaired its photosynthesis (Yang et al., 2002a; You et
al., 2014a; Young et al., 2011). Synechocystis 6803 is a model cyanobacterium to
investigate the mechanisms of CO2 fixation, photosynthesis, circadian rhythm, ecological
effects, and the evolution of eukaryotic algae and plants. Flux analysis of Synechocystis
6803 aimed to reveal how cyanobacteria re-organize their metabolism when only PSI is
active. The study also examined whether the recently discovered TCA cycle in
cyanobacteria (either via the γ-Aminobutyric acid pathway (GABA shunt) (Xiong et al.,
2014) or via α-ketoglutarate decarboxylase and succinic semialdehyde dehydrogenase
(Zhang and Bryant, 2011)) can provide sufficient reducing equivalent if cyanobacterial
phototrophic NADPH generation is inhibited. The photoheterotrophic fluxome, together
with the transcription analysis, unravels photosystems’ energy flows and complements
the recent 13C-MFA studies on cyanobacterial photomixotrophic metabolism (Yang et al.,
2002a; You et al., 2014a). This study may also broadly improve our understanding of the
evolution of photosystems, the effectiveness of herbicide, and cyanobacterial based
photo-biorefineries.

5.2. Experimental Section
5.2.1. Cultivation conditions
Synechocystis 6803 was cultivated with a modified BG-11 medium at 30 °C in
250 mL shake flasks (150 rpm) with a working volume of 50 mL (You et al., 2014a). A
continuous illumination of 50 µmol of photons m-2 s-1 was supplied. For
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photoheterotrophic cultures, DCMU (Sigma-Aldrich, St. Louis) was used at a final
concentration of 10 µM (Tominaga et al., 2001). All tracer experiments began with a 0.5 %
inoculation ratio (initial OD730 was around 0.002) from a photoautotrophic Synechocystis
stock. Cell density was monitored by a UV-Vis spectrophotometer (GENESYS, Thermo
Scientific) at 730 nm (one unit OD730 ~ 0.45 g/L dry biomass). The glucose consumption
was measured by an enzyme kit (R-Biopharm, Darmstadt, Germany). To examine the
PSII functions, we performed chlorophyll a fluorescence induction analysis of both
photomixotrophic and photoheterotrophic cultures (2g/L glucose) using a fluorometer
(FL3500, Photon Systems Instruments; Czech Republic). The fluorescence yield
significantly rose when DCMU was present in the Synechocystis glucose cultures (Table
5-S1), confirming that PSII was unable to capture sufficient photons to energize electrons.
13

C-glucose and

13

C-bicarbonate were purchased from Cambridge Isotope

Laboratories (Tewksbury, MA). Three tracer experiments were carried out to investigate
the cyanobacterial metabolism under DCMU stress. The first experiment confirmed the
DCMU inhibition of photoautotrophic protein synthesis. We grew Synechocystis with 2
g/L NaH13CO3 in sealed serum bottles (with no source of 12CO2). The resulting biomass
in the sealed serum bottle was fully labeled. During the early exponential growth phase
(OD730=~0.3), DCMU and 2 g/L unlabeled NaHCO3 were injected into the

13

C-labeled

cultures. The biomass was sampled after one-day incubation with DCMU/unlabeled
NaHCO3.

12

C abundance in proteinogenic amino acids was measured to determine

whether Synechocystis could perform autotrophic biosynthesis under DCMU stress. The
second experiment examined cyanobacterial CO2 fixation under DCMU treatment. We
cultivated Synechocystis 6803 in open air with U-13C6 glucose and DCMU in shake flasks.
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The biomass was collected after three days of cultivation (OD730=~0.3) for isotopomer
analysis. The third experiment delineated the cyanobacterial metabolic flux profile.
Synechocystis 6803 was grown in open air with 1,2-13C2 glucose and DCMU. Labeled
biomass in the exponential growth phase was collected for isotopomer analysis, which
provided distinctive isotopic data for 13C-MFA.

5.2.2. RNA sequencing and data analysis.
In parallel to the 13C-MFA tracer experiments, we examined cyanobacterial gene
expression in photoautotrophic, photomixotrophic, and DCMU-treated cultures.
Biological triplicates were sampled during the exponential growth phase. Cell pellets
(~10 mg) were frozen with liquid nitrogen immediately after centrifugation. Then, total
RNA was extracted using a miRNeasy Mini Kit (Qiagen, Valencia, CA). DNA was
removed with DNase I (Roche Applied Science, Germany). The RNA integrity number
of all samples used for sequencing was greater than 8.0. The RNA profiling (library
preparation, sequencing and data analysis) was performed by the Genome Technology
Access Center at Washington University (https://gtac.wustl.edu/services/). In brief, total
RNA was subjected to ribosomal RNA depletion using a Ribo-Zero™ Magnetic Kit
(Epicentre, Madison, WI). Subsequently, mRNA was fragmented and reverse transcribed
to prepare cDNA libraries using random primers. End repair was performed by adding A
base to 3’ ends. The libraries were then ligated to sequencing adapters and amplified with
index primers. The libraries were quantified at equimolar quantities on a single flow cell
lane of a HiSeq2000 sequencing machine (Illumina, San Diego, CA). Raw image data
were converted to basecalls using Casava 1.8+. Then the samples were demultiplexed
into individual gzipped fastQ files using a proprietary demultiplexer algorithm (Illumina,
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San Diego, CA). The fastQ files were aligned with the whole genome transcriptome
using TopHat (version 2.0.8.0) (Anders and Huber, 2010; Wang et al., 2012). To compare
gene expressions, pair-wise negative binomial tests in EdgeR software were performed
(Robinson and Oshlack, 2010; Robinson et al., 2010).

5.2.3. Metabolite extraction and GC-MS analysis.
Measurement of labeling in proteinogenic amino acids were processed as
previously report (You et al., 2012). Biomass pellets from 20 mL cultures were harvested
by centrifugation and washed with 0.9 % NaCl solution. The pellets were then
hydrolyzed with 6 M HCl at 100 °C. The resulting mixtures were subsequently air dried
and derivatized with N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide (TBDMS)
prior to GC-MS. We used a gas chromatograph (Hewlett Packard model 7890A, Agilent
Technologies) equipped with a DB5-MS column (J&W Scientific) and a mass
spectrometer (5975C, Agilent Technologies). The GC thermal programs were as
described in previous (You et al., 2012). A published algorithm was used to calculate the
MS data for all derivatized metabolites (Wahl et al., 2004). Due to overlapping peaks or
product degradation, several amino acids (proline, arginine, cysteine, and tryptophan)
were not used for flux analysis (Antoniewicz et al., 2007a). The MS data ([M-57]+, [M159]+ or [M-85]+, and f302) of key amino acids are shown in Table 5-S2. Isotopic
labeling data, M0, M1, M2, etc., represent fragments containing unlabeled, singly labeled,
and doubly labeled amino acids, and so on.

5.2.4. 13C-MFA modeling and flux calculation.
13

C-MFA was performed based on proteinogenic amino acids from Synechocystis

6803 grown in open air with 1,2-13C2 glucose and DCMU. The labeling distribution of
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key amino acids did not change during the exponential growth phase (Table 5-S2), which
indicated the attainment of a pseudo-steady state. Based on previous reports (Smith, 1983;
Yang et al., 2002a; Young et al., 2011; Zhang and Bryant, 2011), our metabolic network
of Synechocystis 6803 includes reactions in glycolysis, the Calvin cycle, the TCA cycle,
the glyoxylate shunt, photorespiration pathways, and biomass synthesis (Table 5-S3). The
model also assumed that internally generated CO2 from glucose degradation was
exchanged with atmospheric CO2, resulting in a mixture of CO2 pools. Normalizing the
glucose uptake rate as 100,

13

C-MFA profiled relative metabolic fluxes through the

central metabolism. The relative fluxes were solved by minimizing a quadratic error
function that calculated the difference between predicted and measured isotopomer
patterns (Table 5-S3). The biomass composition was based on previous reports (Table 5S3) (Saha et al., 2012). Since DCMU-treatment may increase cyanobacterial glycogen
content(Pelroy et al., 1976),

13

C-MFA tested the sensitivity of flux distributions to

glycogen compositions. This was done by assuming 10-fold increase of the glycogen
content in the biomass composition, then

13

C-MFA re-calculated fluxes using the same

set of labeling information.
Reaction reversibility was characterized by the exchange coefficient exch and the
net flux vnet (Dauner et al., 2001; You et al., 2014a). The optimization for 13C-MFA was
achieved by the EMU method (Antoniewicz et al., 2007b). The MATLAB optimization
solver ‘fmincon’ was used to minimize the quadratic error function. To avoid local
minima, 100 initial guesses were randomly generated, and the solution set that minimized
the objective function was used as the best fit. The 95 % confidence intervals were
calculated using the Monte Carlo method as previously described (Zhao and Shimizu,
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2003), in which the measured isotopomer data (M0, M1, M2, etc.) was perturbed with
normally distributed noise within measurement errors (±0.005) for 500 times, and the
optimization solver was restarted with the optimal solution. Confidence intervals of the
fluxes were determined based on 500 simulations.

5.3. Results
5.3.1. Carbon utilization in DCMU-treated Synechocystis 6803 cultures
We added 10 µM DCMU to the photoautotrophic cultures right after inoculation
(initial OD730 = ~0.002), and no biomass growth was observed (Figure 5-S1). We also
added DCMU into Synechocystis cultures during the exponential-growth phase, and the
photoautotrophic growth stopped (Figure 5.1).

Figure 5. 1. CO2 fixation in photoautotrophic cultures under DCMU stress.
The photoautotrophic cultures were first grown on NaH13CO3 to OD730=~0.3. Then,
DCMU and unlabeled NaHCO3 were added to the cultures and incubated for another day.
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The inset figure shows the growth of the cultures before and after DCMU treatment. The
12

C abundance in the biomass amino acids was measured before and after DCMU
n

i

i =0

n

treatment. The 12C-abundance is calculated by ∑

M ( n −i ) , n is the total carbon number

of an amino acid, and M is the relative molar concentration of mass isotopomer n-i. Error
bars represent the standard deviations of biological triplicates.
If DCMU-treated cultures were supplemented with glucose (Figure 5.2),
Synechocystis growth could be recovered (growth rate ~ 0.038 h-1). Next, we investigated
Synechocystis protein synthesis under DCMU stress. Photoautotrophic cultures started
with an initial OD730 of ~0.002 and were grown with NaH13CO3 as the only carbon source.
DCMU and unlabeled NaH12CO3 were added during the exponential-growth phase
(OD730 = ~0.3). Biomass samples, collected after 24 hours of DCMU-treatment, showed
negligible

12

C incorporation (proteinogenic amino acids remained mostly

13

C labeled,

Figure 5.1). This result further confirmed that DCMU blocks protein synthesis under
autotrophic conditions (Pelroy et al., 1976).
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Figure 5. 2. Representative growth curves of Synechocystis 6803.
The cultures were grown with glucose with (!) and without (") DCMU
treatment. ▼ represents the glucose consumption in the photomixotrophic cultures with
DCMU treatment. Error bars in the figures are standard deviations of biological
triplicates.
In contrast, both

13

C and

12

C were present in the biomass if DCMU-stressed

Synechocystis 6803 was grown with uniformly labeled U-13C6 glucose and atmospheric
12

CO2 (Figure 5.3). Amino acids from glycolysis (e.g., alanine and serine) and the pentose

phosphate pathways (e.g., phenylalanine and histidine) had 10~15%

12

C enrichment,

indicating that cells’ RuBisCO still actively fixed atmospheric 12CO2 under DCMU stress.
In addition, aspartate, synthesized from oxaloacetate, had even higher

12

C enrichment

(>20 %) due to additional 12CO2 fixation (possibly by the anaplerotic reactions).
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Figure 5. 3. CO2 fixation by heterotrophic cultures of Synechocystis 6803.
The culture began with initial OD730=0.002 and was grown in open air with U13

C6 glucose and DCMU. Biomass samples were harvested after three-day incubation for

isotopomer analysis. Significant

12

C carbon incorporation was observed in all the key

amino acids, indicating an active CO2 fixation reaction under this condition. Error bars
represent the standard deviations of biological triplicates.

5.3.2 Metabolic flux distribution in DCMU-treated Synechocystis 6803.
Synechocystis 6803 was grown in the open air with DCMU and 1,2-13C2 glucose.
Biomass samples at the middle-exponential growth phase provided amino acids’ labeling
information for 13C-MFA. There were negligible differences between isotopomer datasets
at two different time points, ensuring the attainment of a metabolic steady state (Table 5S2). The model fitting quality is in Figure 5-S2 (r2 >0.99; the sum of squared residuals =
0.0039). The relative flux distributions, the exchange coefficients for reversible reactions,
and the 95 % confidence intervals are shown in Figure 5.4 and Table 5-S3. Our previous
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Synechocystis

13

C-MFA indicated that glucose is mainly used through the glycolysis

pathway under photomixotrophic conditions(You et al., 2014a). However,

13

C-MFA of

photoheterotrophic cultures revealed that glucose was oxidized to CO2 by a carbohydrate
degradation cycle. Specifically, the OPP pathway was highly active in oxidizing glucose6-phosphate (G6P) to pentose phosphates, which were then used to re-synthesize fructose
6-phosphate (F6P). F6P was diverted to G6P through the reverse reaction of glucose-6phosphate isomerase (PGI), forming a carbohydrate degradation loop (Figure 5-S3A). A
similar glucose degradation cycle was recently observed when Synechocystis 6803 was
under atrazine stress (Nakajima et al., 2014). Consistent with the observation in Figure
5.3,

13

C-MFA detected significant CO2 fixation via RuBisCO and phosphoenolpyruvate

carboxylase. However, 3-phosphoglycerate (3PG), the first metabolite of CO2 fixation
through RuBisCO, entered glycolysis instead of the Calvin cycle. Phosphoenolpyruvate
carboxylase and malic enzyme, as observed elsewhere under photoautotrophic (Young et
al., 2011) and photomixotrophic (Yang et al., 2002a; You et al., 2014a) conditions,
remained active under the photoheterotrophic condition.
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Figure 5. 4. Flux distribution and energy flows in Synechocystis 6803 under DCMU
treatment.
The biomass samples from Synechocystis 6803 cultures grown with 1,2-13C2
glucose and DCMU in open air were collected during the exponential phase for
isotopomer analysis. The estimated relative flux rates are shown beside the pathways,
which are normalized to a glucose uptake flux assumed to be 100. The absolute glucose
uptake rate was 0.41 mmol/g DCW/h, and µ was 0.038 h-1 (Figure 5.2 and Figure 5-S7).
The standard deviations are shown after the flux values (based on the confidence
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intervals in Table 5-S3). The dash arrows represent the biomass flux, and the grey arrows
represent the energy flows. The "star" highlights some key bidirectional reactions.
Recently, the GABA shunt was identified to close Synechocystis TCA
cycle(Xiong et al., 2014). Although cyanobacteria have the potential to use these newly
discovered enzymes for running the TCA cycle,

13

C-MFA found that TCA cycle flux

through the GABA shunt and succinate dehydrogenase was negligible. Thus,
Synechocystis 6803 cannot activate its TCA cycle to generate significant NAD(P)H and
ATP under photoheterotrophic conditions. The low TCA cycle flux also indicated that
succinate dehydrogenase plays a small role in the quinone reduction.
13

C-MFA could deduce how cyanobacterium ensures its co-factor and ATP

balancing, based on the fluxome and biomass growth (Figure 5.4). If the glucose uptake
is normalized to 100, 489 NAD(P)H can be synthesized in the central carbon metabolism,
in which 342 NAD(P)H were used for biomass synthesis (Table 5-S3 and S4)(Shastri and
Morgan, 2005). As for ATP, a total of 654 ATPs were required by the central carbon
metabolism (112 ATP) and biomass synthesis (542 ATP) (Figure 5.4 and Table 5-S4). A
maximum of 369 ATPs was produced by the oxidative phosphorylation of excess
NAD(P)H (Table 5-S4). This number is still less than the requirement for biomass growth,
and thus the CEF around PSI presumably contributes 285 ATPs (without considering
maintenance loss) (Table 5-S4).

5.3.3. Transcriptomics analysis of DCMU-treated Synechocystis 6803
cultures.
Photoautotrophic (with CO2), photomixotrophic (CO2 + glucose), and
photoheterotrophic (CO2 + glucose + DCMU) cultures were collected at similar cell
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densities for RNA-Seq analysis. All the samples showed high genome mapping ratios
(≥90 %). The sequence reads matched more than 3500 of the 3561 coding genes in the
Synechocystis 6803 genome. Multidimensional scaling plots compared the similarities of
samples obtained under different conditions (Figure 5-S4). The negligible distance
among the biological triplicates indicated the overall high quality of RNA sequencing.
The RNA-Seq results are shown in Figure 5.5 and Figure 5.6. Using a cut-off of a 2-fold
change in biological triplicates (Castruita et al., 2011), we observed conserved expression
of key genes involved in the central carbon metabolic pathways (e.g., the TCA cycle,
anaplerotic pathways, and glycolysis) among all three conditions. Consistent with the
13

C-MFA observations, the expressions of the PGI gene and genes involved in the OPP

pathway were highly upregulated after DCMU-treatment. The RuBisCO genes
(BAA10190 and BAA 10192), involved in CO2 fixation, also remained highly active in
DCMU-treated Synechocystis 6803.
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Figure 5. 5. Pairwise comparisons of RNA-expression levels for genes in the central
carbon metabolism.
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Log2 ratios were calculated by log2(m/h)= log 2 photomixotrophic data , log2(a/h)=
DCMU data
log 2

photoautotrophic data
, and log2(m/a)= log 2 photomixotrophic data , respectively.
DCMU data
photoautotrophic data
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Figure 5. 6. Pairwise comparisons of RNA-expression levels for genes in
photosystems.
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The complete RNA-Seq data is shown in the supplementary materials. Log2 ratios
were calculated as described in Figure 5.5.
As for energy metabolism under DCMU stress, the NDH-1 subunits (BAA17783,
BAA17787, BAA18722), participating in NADPH oxidation (Vermaas, 2001), were
down-regulated due to the NADPH deficiency after PSII inactivation. The succinate
dehydrogenase complex (SDH) supplies electrons to the quinone pool. DCMU stress
reduced the expression level of the flavoprotein subunit of SDH (BAA17519, converting
succinate to fumarate). Moreover, genes encoding the nitrate transport protein (subunit
NrtD and NrtC, BAA10806 and BAA10807, respectively) were down-regulated,
suggesting a slower rate of nitrogen reduction and assimilation into biomass. On the other
hand, most genes associated with CEF around PSI were upregulated under DCMU stress,
such as FNR (BAA18459), cytochrome 553 (BAA17354), plastocyanin (BAA10227),
and Cyt b6f complex (BAA10150, BAA10763, and BAA18236). The gene encoding
ferredoxin (BAA18248, mediating electron transfer around PSI) had a constant high
expression level through all three growth conditions. Finally, we observed correlations
between the fluxome and corresponding RNA-Seq data in key pathways. For example,
both 13C-MFA and RNA-Seq indicated an active OPP pathway and CO2 fixation through
RuBisCO. Comparisons between “omics” data may reveal the transcriptional or posttranscriptional regulations of cyanobacterial genes on carbon metabolisms (Yoshikawa et
al., 2013).

5.3.4. Flux sensitivity test and validations.
13

C-MFA often employs a simplified network and takes advantage of published

analytical data (such as biomass compositions) for microbial characterizations. 13C-MFA
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results are dependent on model assumptions, flux constraints, and metabolite
measurements. To verify our model, we tested the sensitivity of flux topology to
modeling constructions. First, we performed in silico deletion of RuBisCO based CO2
fixation (setting its flux as zero). A three-time greater sum of squared residuals (SSR)
was observed (Figure 5-S5A). Next, the in silico deletion of phosphoribulokinase was
tested by blocking the conversion from Ru5P to RuBP, and the model fit quality
decreased (Figure 5-S5B). Both tests, together with the observations shown in Figure 5.3,
validated CO2 fixation by RuBisCO under DCMU stress.
Second, we forced the reversible reaction (F6P ! G6P) as a unidirectional
direction (G6P ! F6P). The SSR increased significantly (Figure 5-S5C) and the overall
NAD(P)H production became insufficient for biomass synthesis. Therefore, the
carbohydrate degradation cycle, via the reversed PGI reaction and the OPP pathway, is
indispensable. Third, DCMU-treated cyanobacteria could accumulate glycogen (Pelroy et
al., 1976). In the model test, we set higher glycogen ratio in the biomass equation. With
the new biomass composition, the 13C-MFA could fit isotopomer data well (Figure 5-S6).
Compared to the fluxome in Figure 5.4, the new flux distribution showed that the flux
from G6P towards glycogen increased, and the fluxes to protein synthesis and cell growth
decreased (Figure 5.4 and 5-S6). In spite of these differences in the flux values, the
overall metabolic topology, e.g., the OPP oxidation cycle, TCA cycle, RuBisCO, etc.,
remained the same under different assumptions of biomass compositions. Fourth, precise
measurement of malic enzyme activity is difficult since the two pathways (PEP + CO2 !
OAA ! MAL ! CO2 + PYR and PEP ! PYR) generate identical labeling patterns in
pyruvate and oxaloacetate. However,

13

C-MFA revealed small fluxes (~1) through the
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glyoxylate shunt and TCA cycle, which fine-tuned the MAL/OAA/PYR labeling profiles.
In silico deletion of malic enzyme flux resulted in an increase of SSR (Figure 5-S5D),
suggesting that a measurable malic enzyme flux was favored for model fitting. Fifth, we
tested the sensitivity of model fitting to the photorespiration flux (RuBP + O2 !
glycolate + 3PG). The SSR rose if the RuBP oxidation flux was increased (Figure 5-S5E).
This result confirmed that cyanobacterial photorespiration was inhibited by DCMU (Lex
et al., 1972). Comparing to photomixotrophic condition, RNA-Seq analysis also verified
lower expression levels of glycolate oxidase (BAA10256 and BAA16857) in DCMUtreated Synechocystis. Finally, recent studies found that the cyanobacterial TCA cycle can
be completed via either α-ketoglutarate decarboxylase and succinic semialdehyde
dehydrogenase (Zhang and Bryant, 2011) or the GABA shunt (Xiong et al., 2014). In our
model test (Figure 5-S5F), the SSR slightly increased after in silico deletion of the
pathway α-ketoglutarate ! succinate), indicating that the complete TCA cycle could be
functional even though its flux is low (~1%).

5.4. Discussion
5.4.1. Carbon metabolism in response to photosynthesis inhibitions.
G6P dehydrogenase (G6PD) plays an essential role in controlling carbon flow
through the pentose phosphate pathway (Tamoi et al., 2005). Several scenarios of the
pentose phosphate pathway in phototrophs are shown in Figure 5-S3. Under
photomixotrophic conditions, the allosteric G6PD in Synechocystis 6803 is suppressed by
the active photosystems, which provide sufficient NADPH. Glucose is thus mainly
metabolized through glycolysis (Figure 5-S3B) (Yang et al., 2002a; You et al., 2014a).
The inactive OPP pathway is also observed in Rhodopseudomonas palustris when
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excessive reducing equivalents are supplied by acetate oxidation (Figure 5-S3C)
(McKinlay and Harwood, 2010). In the photoautotrophic metabolism of Synechocystis
6803, on the other hand, OPP is employed together with functional Calvin cycle
(reversed pentose phosphate pathway) to regulate the cofactor balance and CO2 fixation
(Figure 5-S3D). Under DCMU-stress, when NADPH synthesis through photosystem is
inhibited, glucose metabolism in Synechocystis 6803 forms a highly active cycle,
including the OPP pathway and the reversed PGI reaction, to produce NADPH for nitrate
assimilation and biomass synthesis (Figure 5-S3A). At the same time, RuBisCO re-fixed
the CO2 lost through this cycle to compensate for carbon loss, but the Calvin cycle was
not functional. This metabolic topology not only provides an alternative route for
NADPH synthesis by using organic carbons under PSII inactivation stress but also
maximize the cofactor and energy utilization for biomass synthesis by bypassing the
NADPH/ATP dependent reactions in Calvin cycle. A counterpart metabolic feature was
also observed in the embryos of B. napus (Schwender et al., 2004).
Malic enzyme is the main route to supply pyruvate in Synechocystis 6803 under
continuous light illumination because pyruvate kinase is inhibited by phototrophic ATP
generation (Bricker et al., 2004). The high flux of malic enzyme has been confirmed by
13

C-MFA under photoautotrophic, photomixotrophic conditions (Yang et al., 2002a; You

et al., 2014a; Young et al., 2011), and DCMU-treatment (Figure 5.4 and 3-S6). Our
RNA-Seq analyses detected the high expression level of malic enzyme (BAA16663) in
photoauto-, photomixo- and photohetero- trophic cultures, indicating the presence of
malic enzyme under all three growth-condition. On the other hand, DCMU can alleviate
the ATP inhibition on pyruvate kinase by blocking LEF based ATP synthesis, rendering
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malic enzyme less important under photoheterotrophic conditions. The adverse effect of
eliminating malic enzyme (!slr0721) on the growth of DCMU-treated Synechocystis
6803 was shown to be much less significant than that in photoautotrophic or
photomixotrophic cultures (Bricker et al., 2004). This result is consistent with the
observation that the relative flux through pyruvate kinase increased under DCMU
conditions (Figure 5.4 and 5-S6), compared to that under photomixotrophic condition
metabolism (Yang et al., 2002a; You et al., 2014a; Young et al., 2011).

5.4.2. Photosystem activities under DCMU treatment.
The balance of ATP/NADPH ratio is important for the efficient photosynthesis
(Kramer and Evans, 2011). In DCMU-treated Synechocystis 6803, the oxidative
phosphorylation of NAD(P)H cannot produce sufficient ATP to support cell growth. To
fulfill the ATP requirement, Synechocystis 6803 must up-regulate CEF activity to
generate ATP. In CEF cycle (Figure 5.4), NDH-1 plays an important role in pumping
electrons into PQ pool from NADPH (Howitt et al., 1999; Mi et al., 1995; Mi et al.,
1992b; Yagi et al., 1998). The inactivation of NDH-1 was reported to decrease
Synechocystis 6803 photoautotrophic growth and respiration rate (Ogawa, 1991). SDH in
TCA cycle also contributes electrons from succinate to ATP synthesis. The previous
study on cyanobacterial mutant physiology suggested that the respiratory electron
transport in thylakoids highly relies on SDH (Cooley et al., 2000; Vermaas, 2001).
However, the TCA cycle flux (SDH) in Synechocystis 6803 was small under DCMUtreated conditions (Figure 5.4), and thus succinate may only contribute a minimum
amount of electrons to PQ pool. Instead, NADPH may serve as the major electron source
for respiration under photoheterotrophic conditions. Moreover, RNA-Seq detected a
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highly up-regulated expression of genes associated with PSI (FNR, cytochrome 553, Cyt
b6f complex, and plastocyanin) under DCMU-treated Synechocystis 6803 (Figure 5.6).
Therefore, we presumed that the CEF around PSI “pumps” significant amount of ATP to
sustain cell metabolism after PSII inactivation (Kramer and Evans, 2011).

5.4.3. Implications from carbon metabolisms and photosystems.
Microorganisms employ diverse oxidative routes to release energy from organic
matters. The TCA cycle is one main route for the complete oxidation of carbohydrates to
CO2. A PEP-glyoxylate cycle was observed in E. coli as the second cyclic carbohydrate
oxidation route (Fischer and Sauer, 2003). In this study, we discovered a third
carbohydrate degradation cycle in cyanobacteria to “pump” reducing equivalents without
the involvement of TCA cycle enzymes. Though cyanobacteria contain all functional
enzymes in the TCA cycle (Zhang and Bryant, 2011), the flux through the TCA cycle is
very small under different phototrophic conditions (Pearce et al., 1969; Smith et al., 1967;
You et al., 2014a).
Photosystems directly influence the cellular bioenergetics and the pathway
topology. Exploring photosystems will guide their application as light driven “ATP pump”
in industrial microbial hosts (Martinez et al., 2007). Cyanobacterial photosystems
evolved from anoxygenic phototrophs, which employed only one type of photosynthetic
reaction center either a Fe-S type (PSI) or a quinone type (PSII) (Blankenship, 2010). In
anoxygenic phototrophs, both PSI and PSII can integrate with respiratory electron
transport chain to form cyclic electron transport to generate ATP (Tang and Blankenship,
2013). It is still unclear how these two different photosystems were brought together to
form cyanobacterial photosynthesis (Hohmann-Marriott and Blankenship, 2011). The
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first living phototrophs were believed to be anaerobic heterotrophs, metabolizing organic
substrates in the primitive sea (Miller, 1953). Thus, primitive metabolism in
cyanobacteria ancestors might also employ photoheterotrophic fluxome as described in
Figure 5.4 before the complete development of oxygenic photosynthesis.
Finally, phototrophic microbes can produce biofuel and other value added
chemicals by photo-fermentation by using organic carbon substrates and inorganic CO2.
For example, cyanobacteria and purple non-sulfur bacteria can switch their pentose
phosphate pathway between the oxidative and reductive modes (McKinlay and Harwood,
2011). When reducing equivalents are sufficient, the reductive pentose phosphate
pathway (Calvin cycle) dominates to remove excessive NADPH via CO2 fixation
(McKinlay and Harwood, 2010). When photosynthesis activity is insufficient, the OPP
pathway can degrade organic carbon to generate reducing equivalents. This high degree
of metabolic flexibility during photo-fermentation improves the robustness of large-scale
photobiorefinery for high yield bio-product synthesis.

5.5. Conclusions
This study presents a putative picture of DCMU-induced carbon and energy
metabolism in cyanobacteria. The block of phototrophic NADPH synthesis induces a
reorganization of carbon flux via a highly upregulated OPP pathway for carbohydrate
oxidation. Meanwhile, RuBisCO and phosphoenolpyruvate carboxylase remain active for
CO2 re-fixation. This metabolic mode enables Synechocystis 6803 to balance its carbon
utilization and NADPH production after PSII inhibition. The knowledge of metabolic
responses to photosynthesis is important in many research fields, such as
photobiorefinery, herbicide technology, plant physiologies and evolutions.
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Supporting Information for Chapter 5
Contents: Experimental details
Four tables (5-S1 – 5-S4)
Seven figures (5-S1 – 5-S7)

Figure 5-S1. Representative growth curve of Synechocystis 6803. The cultures were
grown photoautotrophically with (∆) and without (#) DCMU treatment. Error bars in the
figures are standard deviations of biological triplicates.
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Figure 5-S2. Model fitting of
13

13

C-MFA on DCMU-induced metabolism using 1,2-

C2 glucose and atmospheric CO2. The data shown is [M-57]+, [M-85]+or [M-159]+,

and f302 isotopomer distributions for nine amino acids. The fit between predicted and
observed isotopomer distributions is reasonably good, with r2 > 0.99. The sum of squared
residuals is 0.0039.
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Figure 5-S3. Representative carbon network in phototrophic organisms. Panel (A)
shows the DCMU induced carbon metabolism, including glycolysis, the OPP pathway,
and a nonfunctional Calvin cycle in Synechocystis 6803 grown with glucose in open air.
Panel (B) shows the carbon metabolism, including glycolysis and the functional Calvin
cycle in Synechocystis 6803 grown photomixotrophically with glucose(Yang et al.,
2002a). Panel (C) shows the carbon metabolism, including glycolysis and the Calvin
cycle in Rhodopseudomonas palustris photoheterotrophic cultures grown with acetate
(McKinlay and Harwood, 2010). Panel (D) shows the carbon metabolism, including
glycolysis, the OPP pathway, and the functional Calvin cycle in Synechocystis 6803
photoautotrophic cultures (Young et al., 2011).
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Figure 5-S4. MDS plot of the similarity among samples obtained under different
conditions. Panel A shows the comparison of similarities of samples collected under
DCMU-treated conditions and photoautotrophic conditions. Panel B shows the
comparison of similarities of samples collected under DCMU-treated conditions and
photomixotrophic conditions. Dots h1, h2, h3, a1, a2, a3, m1, m2, and m3 are the
biological

triplicates

grown

under

DCMU-treated,

photomixotrophic conditions, respectively.
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photoautotrophic,

and

Figure 5-S5. Sensitivity test of different scenarios in metabolic network structure.
Sensitivity test of metabolic network constructions to isotopomer data fitting. Panels A-F
show the model fitting when RuBisCO was deleted, phosphoribulokinase was absent,
PGI was set to be unidirectional, malic enzyme was knocked out, photorespiration flux
was enhanced in silico (relative flux=10), and the complete TCA cycle was blocked
respectively. SSR represents the sum of squared residuals under each condition.
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Figure 5-S6. Flux distribution in the central carbon metabolism and energy
metabolism of Synechocystis 6803 under DCMU-treated conditions with enhanced
glycogen composition (n=2). The biomass samples from Synechocystis 6803 cultures
grown with 1,2-13C2 glucose and DCMU in the open air were collected during the
exponential phase for isotopomer analysis. Biological duplicates and technical duplicates
were used. All the estimated relative flux rates are shown beside the pathways, which are
normalized to glucose uptake flux (assumed to be 100). The absolute glucose uptake rate
was 0.41 mmol/g DCW/h and µ was 0.038 h-1 (Figure 5.2). Isotopic labeling data used
are shown in Table 5-S2. The glycogen composition is ten times higher than that in
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Figure 5.4. The ATP and NAD(P)H requirement for biomass synthesis are determined
based on previous study (Shastri and Morgan, 2005) (Table 5-S3 and S4). The sum of
squared residuals is 0.0039.
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Figure 5-S7. Biomass accumuation and glucose comsumption in DCMU-treated
Syncecocystis 6803. The biomass accumulation (dry cell weight) and glucose
consumption were measured in shaking flask. Biomass duplicates were employed. Error
bars in the figure represent the standard deviations. Panel A shows that µ = 0.038 h-1.
Panel B shows the biomss yield Ybiomass/glucose=0.516 g biomass /g glucose. Thus the
absolute glucose uptake rate is v glucose = µ/Ybiomass/glucose=0.41 mmol glucose/g biomass/h.
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Table 5-S1. Chlorophyll a fluorescence induction of photo-mixotrophic and
photoheterotrophic cultures
Conditions

Fo

Fm

Fv

Photomixotrophic control
DCMU-treated cultures

0.418±0.014
1.022±0.0001

0.553±0.021
1.259±0.001

0.13
0.24
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Table 5-S2. Comparison of experimental and simulated labeling profiles of
proteinogenic amino acids from DCMU-treated cultures grown on 1,2-13C2 glucose.
Amino
Acids

ALA

GLY

VAL

LEU

ILE

Ions

Time point 1
(OD730=0.176)

Average
measured
data

Time point 2
(OD730=0.328)

M0
M1
M2
M3

0.714
0.171
0.101
0.015

0.707
0.173
0.109
0.012

M0
M1
M2

0.736
0.168
0.096

0.728
0.173
0.099

M0
M1
M2

0.821
0.163
0.016

0.816
0.165
0.020

M0
M1

0.845
0.155

0.860
0.140

M0
M1
M2
M3
M4
M5

0.525
0.247
0.167
0.046
0.013
0.001

0.523
0.253
0.166
0.044
0.013
0.001

M0
M1
M2
M3
M4

0.544
0.234
0.171
0.041
0.011

0.531
0.245
0.168
0.047
0.010

M0
M1
M2
M3
M4
M5

0.425
0.304
0.188
0.064
0.016
0.003

0.427
0.301
0.192
0.063
0.016
0.002

M0
M1
M2
M3
M4
M5

0.468
0.287
0.179
0.051
0.014
0.002

0.469
0.284
0.181
0.051
0.014
0.001

[M-57]+
0.710
0.172
0.105
0.014
[M-159]+
0.732
0.171
0.098
[M-57]+
0.818
0.164
0.018
+
[M-85]
0.852
0.148
[M-57]+
0.524
0.250
0.167
0.045
0.013
0.001
[M-159]+
0.537
0.240
0.169
0.044
0.010
+
[M-159]
0.426
0.302
0.190
0.063
0.016
0.002
[M-159]+
0.469
0.286
0.180
0.051
0.014
0.001

107

Standard
deviation

Simulated
data

0.005
0.001
0.005
0.002

0.712
0.173
0.104
0.012

0.005
0.004
0.002

0.739
0.167
0.094

0.004
0.001
0.002

0.816
0.164
0.020

0.011
0.011

0.854
0.146

0.001
0.004
0.001
0.001
0.000
0.000

0.526
0.247
0.173
0.042
0.012
0.001

0.009
0.008
0.002
0.004
0.000

0.546
0.247
0.167
0.032
0.009

0.001
0.002
0.002
0.000
0.000
0.000

0.433
0.309
0.184
0.060
0.014
0.002

0.001
0.002
0.001
0.000
0.000
0.000

0.479
0.283
0.177
0.048
0.012
0.001

SER

PHE

ASP

GLU

M0
M1
M2
M3

0.729
0.163
0.098
0.010

M0
M1
M2

0.747
0.164
0.089

M0
M1
M2
M3
M4

0.306
0.309
0.221
0.103
0.041

M0
M1
M2
M3
M4

0.319
0.315
0.212
0.098
0.040

M0
M1
M2

0.836
0.148
0.017

M0
M1
M2
M3
M4

0.636
0.234
0.102
0.028
0.001

M0
M1
M2
M3

0.644
0.238
0.101
0.017

M0
M1
M2

0.83
0.154
0.016

M0
M1
M2
M3
M4
M5

0.477
0.286
0.177
0.051
0.009
0.001

M0
M1
M2
M3
M4

0.560
0.240
0.163
0.028
0.009

[M-57]+
0.721
0.725
0.172
0.168
0.097
0.098
0.010
0.010
[M-159]+
0.741
0.744
0.171
0.167
0.089
0.089
[M-57]+
0.308
0.307
0.306
0.307
0.218
0.219
0.108
0.106
0.043
0.042
[M-159]+
0.319
0.319
0.307
0.311
0.217
0.215
0.104
0.101
0.038
0.039
f302
0.834
0.835
0.151
0.150
0.015
0.016
[M-57]+
0.643
0.639
0.226
0.230
0.112
0.107
0.021
0.025
-0.002
0.000
[M-159]+
0.649
0.647
0.236
0.237
0.097
0.099
0.018
0.017
f302
0.826
0.828
0.155
0.155
0.02
0.018
[M-57]+
0.492
0.484
0.284
0.285
0.171
0.174
0.040
0.046
0.012
0.010
0.001
0.001
[M-159]+
0.563
0.561
0.240
0.240
0.160
0.162
0.030
0.029
0.008
0.008

0.006
0.007
0.001
0.000

0.723
0.164
0.102
0.012

0.005
0.005
0.000

0.737
0.170
0.093

0.001
0.003
0.003
0.003
0.001

0.311
0.305
0.217
0.111
0.041

0.000
0.006
0.004
0.004
0.001

0.317
0.312
0.218
0.105
0.036

0.001
0.002
0.001

0.833
0.150
0.017

0.005
0.006
0.007
0.005
0.002

0.634
0.230
0.111
0.023
0.001

0.004
0.001
0.003
0.001

0.648
0.236
0.104
0.012

0.003
0.001
0.003

0.831
0.152
0.017

0.011
0.001
0.004
0.008
0.002
0.000

0.479
0.283
0.177
0.048
0.012
0.001

0.002
0.000
0.002
0.001
0.000

0.546
0.245
0.168
0.031
0.009

For isotopomer analysis, two biological and two technical replicates were used.
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Table 5-S3. Complete list of estimated fluxes in central metabolism and exchange
coefficients.
Flux

Reactions

Bestfit

v1
v2
v3
v4
v5
v6
v7
v8
v9
v10
v11
v12
v13
v14
v15
v16
v17
v18
v19
v20
v21
v22
v23
v24
v25
v26
v27
v28
v29
v30
v31
v32
v33
v34
v35
v36
v37
v38
v39
v40
v41
v42
v43
v44
v45

Glucose+ATP==G6P
G6P==F6P
F6P+ATP==FBP
FBP==DHAP+GAP
DHAP==GAP
GAP==3PG+ATP+NAD(P)H
3PG==PEP
PEP==PYR+ATP
PYR==AceCoA+CO2+NAD(P)H
AceCoA+OAA==CIT
CIT==ICIT
ICIT==AKG+CO2+NAD(P)H
AKG==SucCoA+CO2+NAD(P)H
SucCoA==SUC+ATP
SUC==FUM+FADH2
FUM==MAL
MAL==OAA+NAD(P)H
MAL==PYR+CO2+NAD(P)H
PEP+CO2==OAA
G6P==Ru5P+CO2+2*NAD(P)H
Ru5P+ATP==RuBP
RuBP+CO2==2*3PG
X5P==Ru5P
R5P==Ru5P
GAP+S7P==X5P+R5P
E4P+F6P==GAP+S7P
E4P+DHAP==S7P
GAP+F6P==X5P+E4P
ICIT==GLX+SUC
GLX+AceCoA==MAL
RuBP+O2==GLX+3PG
GLX==GLY
2*GLX+NAD(P)H+ATP==3PG+CO2
GLX==2*CO2+NAD(P)H
AKG +NAD(P)H==GLU
GLU +ATP==GLN
GLU +ATP+2*NAD(P)H==PRO
GLU+GLN+CO2+ASP+5*ATP+NADPH==ARG+AKG+FUM
OAA+GLU==ASP+AKG
ASP+2*ATP ==ASN
PYR+GLU+NAD(P)H==ALA+AKG
3PG+GLU==SER+AKG+NAD(P)H
SER==GLY+MTHF
GLY==MTHF+CO2+NAD(P)H
SER+3*ATP+4*NAD(P)H==CYS

100.0
-98.6
13.2
13.2
-13.1
18.6
115.5
38.6
65.8
9.5
9.5
8.3
0.0
2.1
1.3
6.2
-43.2
50.1
72.2
194.7
53.8
53.7
-87.9
-53.0
-45.1
-69.0
23.9
-42.8
1.2
0.6
0.1
0.7
0.0
0.0
58.7
4.3
2.2
1.4
19.4
1.5
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5.4
10.7
6.5
-0.2
1.1

95% Confidence
LB IntervalUB
100
100
-99.8
-63.7
4.2
38.7
4.2
38.7
-13.8
2.5
17.1
40.7
114.5
123.3
25.0
45.7
64.3
72.2
8.4
16.2
8.4
16.2
8.2
11.7
0.0
3.8
2.0
2.3
0.0
8.6
5.0
13.1
-60.0
-37.4
47.4
67.2
70.8
91.0
159.6
195.9
46.0
56.3
44.7
54.6
-89.9
-68.2
-53.8
-43.7
-46.1
-35.4
-74.2
-48.5
9.2
36.2
-43.8
-32.8
0.0
5.8
0.1
2.0
0.0
11.2
0.1
5.0
0.0
2.6
0.0
2.8
52.6
62.8
4.0
4.6
2.0
2.3
1.3
1.5
18.1
20.7
1.4
1.6
5.0
7.8
3.8
-0.5
1.0

5.7
11.7
7.2
2.0
1.2

v46
v47
v48
v49
v50
v51
v52
v53
v54
v55

v56

ASP+2*NAD(P)H+2*ATP==THR
ASP+PYR+GLU+ATP+2*NAD(P)H==LYS+CO2+AKG
ASP+MTHF+CYS+ATP+2*NAD(P)H==MET+PYR
2*PYR+GLU+NAD(P)H==VAL+AKG+CO2
AceCoA+2*PYR+GLU==LEU+AKG+2*CO2
THR+PYR+GLU+NAD(P)H==ILE+AKG+CO2
2*PEP+E4P+GLU+NAD(P)H+ATP==PHE+AKG+CO2
2*PEP+E4P+GLU+ATP==TYR+AKG+CO2
SER+R5P+2*PEP+E4P+GLN+NAD(P)H+3*ATP==TRP+GA
P+PYR+GLU+CO2
R5P+MTHF+GLN+ASP+5*ATP==HIS+AKG+FUM+2*NAD
(P)H
0.284*G6P+0.495*R5P+0.046*GAP+0.173*DHAP+0.046*PY
R+3.707*AceCoA+0.366*MTHF+0.530*GLY+0.158*PRO+0.
387*ALA+0.201*VAL+0.310*LEU+0.171*ILE+0.048*MET+
0.030*CYS+0.087*PHE+0.058*TYR+0.027*TRP+0.043*HIS
+0.105*LYS+0.104*ARG+0.136*GLN+0.110*ASN+0.200*G
LU+0.657*ASP+0.199*SER+0.165*THR+36.500*ATP+19*N
AD(P)H==Biomass+0.21*FUM
Exchange coefficient of Reaction:G6P => F6P
Exchange coefficient of Reaction:F6P => FBP
Exchange coefficient of Reaction:FBP => DHAP+GAP
Exchange coefficient of Reaction:DHAP => GAP
Exchange coefficient of Reaction:GAP => 3PG
Exchange coefficient of Reaction:3PG => PEP
Exchange coefficient of Reaction:PEP => PYR
Exchange coefficient of Reaction:CIT => ICIT
Exchange coefficient of Reaction:SUC => SucCoA
Exchange coefficient of Reaction:SUC => FUM
Exchange coefficient of Reaction:FUM => MAL
Exchange coefficient of Reaction:MAL => OAA
Exchange coefficient of Reaction:X5P => Ru5P
Exchange coefficient of Reaction:R5P => Ru5P
Exchange coefficient of Reaction:GAP+S7P => X5P+R5P
Exchange coefficient of Reaction:E4P+F6P => GAP+S7P
Exchange coefficient of Reaction:GAP+F6P => X5P+E4P
Exchange coefficient of Reaction:SER => GLY+MTHF
Exchange coefficient of Reaction:GLY => MTHF+CO2

4.6
1.5
0.7
2.8
4.3
2.4
1.2
0.8
0.4

4.3
1.4
0.6
2.6
4.0
2.2
1.1
0.7
0.3

5.0
1.6
0.7
3.0
4.6
2.5
1.3
0.9
0.4

0.6

0.6

0.6

13.8

12.9

14.8

0.0
0.7
0.0
0.2
0.0
0.5
0.0
0.5
0.5
0.4
0.0
0.5
0.1
1.0
1.0
0.6
0.0
0.0
0.0

0.0
0.6
0.0
0.0
0.0
0.4
0.0
0.4
0.4
0.2
0.0
0.3
0.0
0.0
0.6
0.3
0.0
0.0
0.0

0.1
0.8
1.0
0.6
0.0
0.6
0.0
0.6
0.7
1.0
0.5
1.0
0.9
1.0
1.0
1.0
0.0
0.0
0.5

Note: v38, v55 and v56 are three reactions for fumarate generation. NADH and NADPH
are considered as one cofactor pool.

110

Table 5-S4. The ATP and NAD(P)H production in central carbon metabolic
network
Pathways
NADPH/NADH
QH2
ATP
Glycolysis
84.4
0
-56.0
OPP pathway
389.4
0
0
TCA cycle
-34.9
1.3
-2.1
Anaplerotic pathway
50.1
0
0
Calvin cycle
0
0
-53.8
Photorespiration
0
0
-0
Biomass synthesis1
-342.31
0
-542.41
Sum
146.6
1.3
-654.4
2
Oxidative phospholation
369 ATP can be produced from NAD(P)H/QH2
Estimated ATP gap,
-285.4
which can be fulfilled by
PSI
1.The P/O ratio is 2.5 for NAD(P)H and 1.5 for QH2 (de Gucht and van der Plas, 1995).
2.Biomass composition was calculated based on Shastri et al.’s study (Shastri and
Morgan, 2005) .
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Adapted with permission from [Le You, Lian He, Himadri B Pakrasi, Yinjie Tang. The
photoheterotrophic fluxome in Synechocystis sp. PCC 6803 and its implications for
cyanobacterial bioenergetics. Journal of Bacteriology, 2014.
Copyright [2014] American society of microbiology.
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Chapter 6. Delineating the Heterotrophic Carbon and
Energy Metabolism in Cyanobacteria

Abstract
Synechocystis 6803 can use organic carbons, e.g. glucose, to provide ATP and
reducing equivalent for cell growth under darkness when light reactions are blocked. In
this study, we used

13

C-MFA to delineate the carbon and energy metabolism in

Synechocystis 6803 under light-induced heterotrophic conditions. Oxidative pentose
pathway is used as the major route for reducing equivalent synthesis and oxidative
phosphorylation plays an essential role to produce ATP. The removal of oxygen can
complete inhibit the autotrophic growth of Synechocystis 6803. We also compared the
FBA and

13

C-MFA prediction of biomass accumulation and carbon metabolism.

13

C-

MFA may overestimate the biomass synthesis due to the lack of constraints on energy
requirement. On the other hand, FBA may not reveal the real carbon metabolism since
the cell growth is a suboptimal process. Thus, the combination of 13C-MFA results with
FBA or the introduction of maintenance cost into 13C-MFA will give a closer prediction
of biomass accumulation. This study is the first to quantify the energy metabolism of
Synechocystis 6803 under darkness and identifies the indispensable role oxygen for
oxidative phosphorylation. The comparison of FBA and 13C-MFA will also shed light on
the future metabolic flux studies.
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6.1. Introduction
Cyanobacteria perform oxygenic photosynthesis by using two photosystems,
photosystem I (PSI) and II, to convert light energy to ATP and NADPH for biomass
accumulation and carbon dioxide fixation (Stanier and Bazine, 1977). In certain cases
when photosystems were partially inhibited, a PSII-less and respiratory oxidase-less
strain can grow only using PSI for ATP synthesis and glucose as the sole NADPH source
(Howitt et al., 2001). Under darkness, cyanobacteria can also grow heterotrophically by
using organic carbon substrates as both energy and carbon source (Yang et al., 2002a).
Unlike heterotrophs that have highly active TCA cycle,

13

C-MFA showed that

cyanobacteria mainly oxidized glucose through the pentose phosphate pathway (Yang et
al., 2002a). However, this metabolism is not optimal for biomass accumulation. Flux
balance analysis has shown that a complete TCA cycle is optimal for biomass
accumulation under dark heterotrophic condition (Nogales et al., 2012), although the
genes for a functional conversion from α-ketoglutarate to succinate were not understood
in cyanobacteria at that time (Pearce et al., 1969; Smith et al., 1967). Recently, two
enzymes, α-ketoglutarate decarboxylase and succinic semialdehyde dehydrogenase, were
identified in Synechococcus sp. PCC 7002, to transform α-ketoglutarate into succinate in
vitro (Zhang and Bryant, 2011). The homologues of these two enzymes were also
reported to exist throughout most cyanobacteria. Our in vivo

13

C-isotopomer studies, on

the other hand, showed that the activities of these enzymes were indeed minimal under
light and carbon sufficient conditions (You et al., 2014a). Thus, it is necessary to redelineate the activity of complete TCA cycle as well as the entire central carbon
metabolic network under darkness when light energy is blocked and the energy and
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reducing equivalents synthesis through photosynthesis are blocked with the updated
pathway information.
Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803) is a model
cyanobacteria species. One of its stains, which can grow under complete darkness, has
been widely investigated under heterotrophic conditions in 13C-MFA studies (Yang et al.,
2002a). The absence of complete TCA cycle was observed and the key intermediate, e.g.,
succinate, was synthesized through the highly active glyoxylate shunt. The other
Synechocystis 6803 glucose tolerant strain has also been investigated under
photomixotrophic (You et al., 2014a) and photoheterotrophic (Yoshikawa et al., 2013;
You et al., 2014b) conditions to characterize the glucose metabolism. The carbon and
energy metabolism of dark heterotopic metabolism of this subspecies, however, is still
limited since this strain cannot grow under complete darkness.
In this study, we delineated the carbon and energy metabolism of Synechocystis
6803 glucose tolerant stain under light-induced heterotrophic conditions constructed as
shown before (Anderson and McIntosh, 1991). A unique carbon metabolism was
identified to support the cell growth when photosynthesis was blocked. The non-growth
associate maintenance (NGAM) cost in phototrophs was also calculated for the first time.
The results of this study will provide new insights into the suboptimal carbon and energy
metabolism in cyanobacteria.

6.2. Material and Method
6.2.1. Cultivation Conditions
Synechocystis 6803 glucose tolerant stain was grown with a modified BG-11
medium without any source of

12

C under 30 °C. Seed culture was prepared from the
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single colony and grown in the shake flask with atmospheric air as the single carbon
source. A continuous white light was provided at 50 µE/m2/s. Cell density was monitored
by a UV-Vis spectrophotometer (GENESYS, Thermo Scientific) at 730 nm. One unit
OD730 is equal to 0.40 ± 0.5 g/L dry biomass.
Anaerobic cultures were grown in the anaerobic airlock chamber (Coy Lab.
Products Inc., Ann Arbor, MI) filled with N2 under 30º. A continuous white light was
provided at 50 µE/m2/s. Cultures were grown under anaerobic and micro-aerobic
conditions (~1000 ppm), respectively. The cultures were kept in the 50 mL shaking flasks
with the working volume of 10 mL. Magnetic stir bar were sterilized to agitate the
cultures. NaHCO3 was provided at the concentration of 4 g/L as the carbon source.
Glyoxylate was added at a concentration of 5 mg/L if indicated.
For the heterotrophic cultures, Synechocystis 6803 was grown in the 30 ml serum
bottles with the working volume of 15 ml under 30º. The headspace was filled room air.
The bottles were sealed with rubber septa to prevent atmospheric air intrusion as shown
in the previous study (You et al., 2014a). All the cultures were wrapped with aluminium
foil to maintain darkness. A pulse of white light (50 µE/m2/s) was given for 2 min per
hour for 8 hours every day. Oxygen accumulation during early growth phase is minimal
to affect the carbon metabolism (You et al., 2014a). Glucose was added at the
concentration of 1 g/L as the single carbon source. The glucose consumption was
measured by an enzyme kit (R-Biopharm, Darmstadt, Germany).
Two labeled experiments were performed under heterotrophic conditions. First,
Synechocystis 6803 was grown with naturally labeled glucose and NaH13CO3 to
determine the CO2 fixation. Second, 1-13C1 glucose and NaHCO3 were provided to
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quantify the carbon and energy metabolism by

13

C-MFA. Labeled carbon sources were

all purchased from Cambridge Isotope Laboratories (Tewksbury, MA, USA).

6.2.2. Biomass Composition Determination
The biomass composition of Synechocystis 6803 under the heterotrophic
condition was determined using the method described recently (Long and Antoniewicz,
2014). In briefly, E. coli MG1655 was grown in M9 medium supplemented with 10 g/L
U-13C6 glucose to exponential phase (OD600 = ~0.7). Synechocystis 6803 was grown
under photomixotrophic (1 g/L glucose and 4 g/L NaHCO3) and light-induced
heterotrophic (1 g/L glucose) conditions, respectively. The cultures were harvested
during the exponential phase (OD730 = ~0.4) and adjusted to the same chlorophyll a
concentration by using BG-11 medium. Subsequently, the same volume of Synechocystis
6803 biomass pellets were mixed with the same amount of E. coli biomass. The mixtures
of biomass were then processed for isotopomer analysis.

6.2.3. Isotopomer Analysis Using GC-MS
Measurement of labeling in proteinogenic amino acids were processed as
previously reports (You et al., 2012). Biomass pellets were washed with 0.9 % NaCl
solution and then hydrolyzed with 6 M HCl at 100 °C. The resulting mixtures were
subsequently

air

dried

and

derivatized

with

N-tert-butyldimethylsilyl-N-

methyltrifluoroacetamide (TBDMS) prior to GC-MS. We used a gas chromatograph
(Hewlett Packard model 7890A, Agilent Technologies) equipped with a DB5-MS column
(J&W Scientific) and a mass spectrometer (5975C, Agilent Technologies). The GC
thermal programs were as described in previous reports (You et al., 2012). A published
algorithm was used to calculate the MS data for all derivatized metabolites (Wahl et al.,
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2004). Due to overlapping peaks or product degradation, several amino acids (proline,
arginine, cysteine, and tryptophan) were not used for flux analysis (Antoniewicz et al.,
2007a). Isotopic labeling data, M0, M1, M2, etc., represent fragments containing
unlabeled, singly labeled, and doubly labeled amino acids, and so on.

6.2.4. 13C-MFA Modeling and Flux Calculation under Heterotrophic
Conditions
13

C-MFA was performed based on proteinogenic amino acids from Synechocystis

6803 grown on 1-13C1 glucose and NaH13CO3. The growth curve and glucose
consumption were shown in Figure 6.1. The labeling distribution of key amino acids did
not change during the exponential growth phase (Table 6-S1), which indicated the
attainment of a pseudo-steady state. The metabolic network was constructed based on
previous studies, including the Calvin cycle, the TCA cycle, the glyoxylate shunt,
photorespiration pathways, and biomass synthesis (Table 6-S2). The biomass synthesis is
same as that under photomixotrophic condition since the biomass composition
measurement showed similar labeling profile under heterotrophic and photomixotrophic
conditions (Figure 6-S1) (You et al., 2014a). 13C-MFA profiled relative metabolic fluxes
through the central metabolism by normalizing the glucose uptake rate as 100. The
relative fluxes were solved by minimizing a quadratic error function that calculated the
difference between predicted and measured isotopomer patterns (Table 6-S2).
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Figure 6. 1. Representative growth curves of Synechocystis 6803 under darkness.
The cultures were grown with 1 g/L glucose. $ represents the optimal density of cell
cultures measured at 730 nm. ◊ represents the glucose consumption in the cultures. Error
bars in the figures are standard deviations of biological triplicates.
Reaction reversibility was characterized by the exchange coefficient exch and the
net flux vnet (Dauner et al., 2001; You et al., 2014a). The optimization for 13C-MFA was
achieved by the EMU method (Antoniewicz et al., 2007b). The MATLAB optimization
solver ‘fmincon’ was used to minimize the quadratic error function. To avoid local
minima, 100 initial guesses were randomly generated, and the solution set that minimized
the objective function was used as the best fit. The 95 % confidence intervals were
calculated using the Monte Carlo method as previously described (Zhao and Shimizu,
2003), in which the measured isotopomer data (M0, M1, M2, etc.) was perturbed with
normally distributed noise within measurement errors (±0.005) for 500 times, and the
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optimization solver was restarted with the optimal solution. Confidence intervals of the
fluxes were determined based on 500 simulations (Young et al., 2011).

6.2.5. Flux Balance Analysis under Heterotrophic Conditions.
Flux balance analysis (FBA) was performed by using the metabolic model
described in the previous study (Nogales et al., 2012). Experimentally determined
glucose uptake rate was used as the input (Figure 6-S2). Maximizing biomass
accumulation was employed as the objective for flux determination. The MATLAB
optimization solver ‘linear programming’ was used to obtain the optimal solution.

6.3. Results
6.3.1. Cyanobacteria growth under anaerobic conditions
Oxygen plays an essential role for cyanobacteria growth to: (1) balance redox
equivalents NAD(P)H and (2) convert NAD(P)H to ATP via oxidative phosphorylation
(Bradley et al., 2013). In this study, we grew Synechocystis 6803 in the anaerobic
chamber filled with N2 and measured the growth with different inoculation ratios.
When the cultures were grown under anaerobic conditions, the photoautotrophic
growth was completely inhibited. The addition of glyoxylate, which consumes NAD(P)H
to alleviate the accumulation of redox equivalents synthesized in photosynthesis (Allan et
al., 2009), did not recover the growth, indicating that cyclic electron flow (CEF) around
photosystem I (PSI) may not provide enough ATP for cell growth under this condition.
On the other hand, when the cultures were grown under micro-aerobic conditions
with oxygen level of ~1000 ppm, the cultures supplied with glyoxylate showed
significant growth (Figure 6.2), which indicates that significant amount of ATPs were
produced via oxidative phosphorylation by using the oxygen residue in the increased
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inoculum and support the growth together with CEF. However, the photoautotrophic
growth of cyanobacteria was still minimal under this condition, implying that the oxygen
provided was not enough to remove the accumulated redox equivalents as well as
produce ATP.

OD 730

0.2

0.1

0
anaeroci condition

microaerobic condition

Oxygen level
Figure 6. 2. Synechocystis 6803 growth under anaerobic and micro-aerobic
conditions.
Synechocystis 6803 was grown with 4 g/L NaHCO3 in the anaerobic chamber
filled with N2. The final cell density of cultures under anaerobic and micro-aerobic
(oxygen level is ~1000ppm) condition with (%) and without (!) the addition of 5 mg/L
glyoxylate were shown as OD730.

6.3.2. CO2 Fixation under Heterotrophic Conditions.
13

C-MFA results highly rely on the structure of metabolic network. To explore the

CO2 fixation under heterotrophic conditions, we grew Synechocystis 6803 with naturally
labeled glucose and NaH13CO3. Cultures grown with naturally labeled glucose and
NaHCO3 were used as control. As shown in Figure 6.3, the incorporation of
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13

C carbon

from NaH13CO3 into biomass was higher than that in the control group, indicating that
CO2 fixation was still active under heterotrophic condition. However, serine, derived
from 3PG (the first metabolites formed in the RuBisCO-medicated CO2 fixation), showed
only slightly higher

13

C incorporation (2.4%) than that in the control group (1.2%),

indicating that CO2 fixation through RuBisCO, though was active, maintained only at low
level under heterotrophic conditions.

Aspartate synthesized from oxaloacetate, had

highest 13C carbon (6%~8%) due to the CO2 fixation through anaplerotic reactions.

Figure 6. 3. CO2 fixation in Synechocystis 6803 cultures under darkness.
The cultures were grown on NaH13CO3 and naturally labeled glucose under
darkness to OD730=~0.3 (%). The cultures grown with naturally labeled NaHCO3 and
glucose were used as the control (!). Biomass samples were harvested for isotopomer
analysis. Small amount of

13

C carbon incorporation was observed in all the key amino

acids, indicating an active CO2 fixation reaction under this condition, though the activity
is low. Error bars represent the standard deviations of biological triplicates.
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6.3.3. Metabolic Flux Distribution under Heterotrophic Conditions
Synechocystis 6803 was grown with 1-13C1 glucose and NaH13CO3. Biomass
samples at the exponential growth phase provided amino acids’ labeling information for
13

C-MFA (6-S1). The model fitting quality is in Figure 6-S3. The relative flux

distributions, the exchange coefficients for reversible reactions, and the 95 % confidence
intervals are shown in Figure 6.4 and 6-S2.

Figure 6. 4. Flux distribution in Synechocystis 6803 under darkness.
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The biomass samples from Synechocystis 6803 cultures grown with 1-13C1
glucose and NaH13CO3 under darkness. Biomass was collected during the exponential
phase for isotopomer analysis. The estimated relative flux rates are shown beside the
pathways, which are normalized to a glucose uptake flux assumed to be 100. The
absolute glucose uptake rate was 0.41 mmol/g DCW/h, and µ was 0.023 h-1 (Figure 6.1
and Figure 6-S2). The standard deviations are shown after the flux values (based on the
confidence intervals in Table 6-S2). The grey arrows represent the biomass flux.
Unlike that observed under photomixotrophic condition (You et al., 2014a),
glucose was exclusively utilized through the oxidative pentose phosphate (OPP) pathway.
Glucose-6-phosphate (G6P) was oxidized to synthesize pentose phosphates, which were
then used to re-synthesize fructose 6-phosphate (F6P) and ribulose-1,5-bisphosphate
(RuBP). F6P was diverted to G6P through the reverse reaction of glucose-6-phosphate
isomerase (PGI), forming a carbohydrate degradation loop. RuBP was used for
RuBisCO-mediated CO2 fixation. A similar glucose degradation cycle was recently
observed when Synechocystis 6803 was under atrazine stress (Nakajima et al., 2014; You
et al., 2014b).
Consistent with the observation in Figure 6.3, the CO2 fixation via RuBisCO was
minor under heterotrophic conditions. In addition, 3PG entered glycolysis instead of
going back to the Calvin cycle for RuBP regeneration. Malic enzyme activity was much
lower than that observed elsewhere under photoautotrophic (Young et al., 2011) and
photomixotrophic (Yang et al., 2002a; You et al., 2014a) conditions, since the inhibition
on pyruvate kinase by ATP synthesized from light reactions was eliminated under dark
conditions (Bricker et al., 2004).
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6.3.4. Energy Metabolism in Synechocystis 6803 under Heterotrophic
Conditions
Under light conditions, photosystems converts light energy into NADPH and ATP
for cyanobacteria growth as well as other cell activities (Tamoi et al., 2005). Under the
dark conditions, on the other hand, organic carbon, e.g., glucose is used instead as the
major energy source. Based on the

13

C-MFA, we observed that 371.0 NAD(P)H can be

synthesized in the central carbon metabolism by using 100 glucose. As shown in Table 6S3, 151.6 NAD(P)H) was used for biomass synthesis (Shastri and Morgan, 2005) and
219.4 NAD(P)H was left. As for ATPs, a total amount of 555.1 ATPs were required for
the glucose oxidative through central metabolism (244.7 ATP) and biomass synthesis
(310.3 ATP). To fulfill this ATP requirement, the oxidative phosphorylation was highly
active to convert the excess NAD(P)H into ATPs. Assuming an optimal P/O ratio, 663.7
ATPs can be synthesized through the oxidative phosphorylation. The excessive ATPs
(108.6) was used for non-growth maintenance reactions.

6.3.5. FBA Estimation of Flux Distribution.
We also built the genome-scale metabolic network based on the previous study
(Nogales et al., 2012). The experimental measurement of glucose uptake rate was used to
constrain the glucose input flux (Figure 6-S2). The relative flux distribution is shown in
Figure 6.5, where glucose uptake was normalized to 100. The estimated biomass
synthesis was 7.4, which was similar to the

13

C-MFA predictions. FBA also detected a

highly active OPP pathway, with a flux of 89.6. Malic enzyme activity, however, is
negligible under the dark condition, which is consistent with 13C-MFA. Furthermore, the
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oxidative phosphorylation served a major pathway for ATP synthesis and 417.8 ATPs
were produced from NAD(P)H in this pathway.

Figure 6. 5. Flux balance analysis of Synechocystis 6803 under darkness.
FBA was constructed by using the previous published FBA model iJN678
(Nogales et al., 2012). The fluxes were estimated by maximizing biomass accumulation.
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The estimated relative flux rates are shown beside the pathways, which are normalized to
a glucose uptake flux assumed to be 100.
On the other hand, FBA also revealed several different results from

13

C-MFA.

The glycolysis pathway was functional, though the activity was small. Additionally, the
complete TCA cycle was active via γ-Aminobutyric acid pathway (GABA shunt) (Xiong
et al., 2014). A total amount of 52.5 NAD(P)H was produced by GABA shunt. However,
a recent study that combined

13

C-MFA with transcriptional analysis showed that the

activities of the GABA shunt and succinate dehydrogenase were negligible in
Synechocystis 6803 under photoheterotrophic conditions (Nakajima et al., 2014). Thus,
we constrained FBA with the 13C-MFA results and observed a lower biomass synthesis of
4.6 (Figure 6.6). This biomass flux, however, is closer to experimental measurement,
which was 5.4. This result indicates that the cell growth was a suboptimal process, which
therefore produces biomass at a lower rate than the optimal FBA prediction.

Figure 6. 6. Comparison of biomass predicted by 13C-MFA, FBA, and the
experimental data.
The relative biomass fluxes were normalized to gram per 100 mol glucose.
127

6.4. Discussion
6.4.1. Heterotrophic Metabolism under Darkness
Synechocystis 6803 employs flexible carbon metabolism to survive different
environments. It highly relies on oxidative phosphorylation for ATP synthesis under
complete darkness when light energy is blocked. The OPP pathway forms a glucose
utilization cycle with the reversed PGI reaction to produce NAD(P)H, which is then used
to synthesize biomass and ATP via oxidative phosphorylation. The counterpart route was
also observed in the embryos of plant seeds (Schwender et al., 2004). However, such
heterotrophic metabolism is not optimal for biomass accumulation. Instead, a highly
active TCA cycle, as predicted by FBA (Figure 6.5), can give a higher biomass synthesis
rate than the experimental measurement (Figure 6.6), which further confirmed that the
cell growth is rather a suboptimal process.
Recently, cyanobacteria were reported to have a complete TCA cycle via GABA
or succinic semialdehyde. The activity of the complete TCA cycle, especially the
conversion from α-ketoglutarate to succinate, however, was minimal under
photomixotrophic (You et al., 2014a) and photoheterotrophic (You et al., 2014b)
conditions. OPP pathway plays a major role for cofactors and reducing equivalent
synthesis when light reactions were inhibited. Under the complete darkness, oxidative
phosphorylation converts the excessive NAD(P)H to support the cell growth and
maintenance reactions. It is not clear why OPP pathway is preferred as the energy source
yet. The dependence of the Calvin cycle (reductive pentose phosphate pathway) during
the evolution for carbon fixation in autotroph may contribute such preference of pathway
in cyanobacteria.
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Another flexibly regulated pathway is the malic enzyme reaction. Under light
conditions, malic enzyme is indispensable to supply pyruvate in Synechocystis 6803 since
the alternative source of pyruvate, via pyruvate kinase, is inhibited by ATP from
photosynthesis (Bricker et al., 2004). High activity of the malic enzyme activity has been
revealed under photoautotrophic, photomixotrophic (Yang et al., 2002a; You et al., 2014a;
Young et al., 2011), and photoheterotrophic conditions (You et al., 2014b). The adverse
effect of eliminating malic enzyme (!slr0721) on the growth were confirmed in
Synechocystis 6803 photoautotrophic, photomixotrophic, and photoheterotrophic cultures
(Bricker et al., 2004). Under the darkness, on the other hand, the inhibition on pyruvate
kinase was significantly alleviated, rendering a lower activity of malic enzyme as shown
in Figure 6.4. However, the high activity of malic enzyme was reported in a previous 13CMFA study of a different Synechocystis 6803 strain which can grow under complete
darkness (Yang et al., 2002a). This Synechocystis 6803 strain did not use the glucose
cycle (Figure 6.4) or the complete TCA cycle(Nogales et al., 2012) for NAD(P)H
synthesis. Instead, the malic enzyme may be employed as the major source of NAD(P)H
under the complete darkness. Additionally, this strain also had high fluxes through the
glyoxylate shunt. In our species, the glyoxylate shunt gene is missing in the genome and
the unfunctional glyoxylate shunt was also confirmed by isotopic labeling experiment in
our earlier study (You et al., 2014a). Finally, our strain cannot grow solely on glucose
under the complete darkness. Pulse light is required as an important stimulus to initiate
certain reactions (Anderson and McIntosh, 1991). All of these differences between the
two species may lead to the different results in central carbon metabolism observed here
and the previous study.
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6.4.2. Comparison of 13C-MFA and FBA
13

C-MFA had been widely applied to quantify central carbon metabolism in

autotrophs (Xiong et al., 2010; Yang et al., 2002a; You et al., 2014a; Young et al., 2011).
Based on the experimental isotopic profile,

13

C-MFA can accurately reveal the

suboptimal central carbon flux distribution. FBA, on the other hand, relies on the
specifically selected objective function(s) (Bordbar et al., 2014) to provide the genomescale picture of optimal metabolism.
In our study, we found that the optimal growth predicted by FBA occurs when the
complete TCA cycle is highly functional to provide reducing equivalent. This carbon
metabolism can produce 7.4 g biomass from 100 mmol glucose. However, under
darkness, Synechocystis 6803 does not utilize TCA cycle but rather the OPP pathway as
the major source of NAD(P)H. This pathway is suboptimal for biomass accumulation and
only produced 5.4 g biomass from 100 mmol glucose based on experimental
measurement. We then used

13

C-MFA to quantify this suboptimal central carbon

metabolism and found that the 13C-MFA predicted a higher biomass synthesis rate (7.9 g
biomass from 100 mmol) than the experimental measurement, which indicates that
certain key constraints may be missing for 13C-MFA (Figure 6.6). To solve this problem,
we then calculate the energy metabolism using the flux distribution determined by

13

C-

MFA, and found that NAGM cost was 108.6 ATPs per 7.9 g biomass. This number is
much lower than the previous FBA prediction (Cheung et al., 2013; Nogales et al., 2012).
Therefore,

13

C-MFA may underestimate the maintenance cost, rendering an

overestimation of biomass accumulation. To get a better prediction of biomass, we
constrained

13

C-MFA with the energy reaction, i.e., a NAGM cost reaction was added
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and the net balance of ATP should be positive. The reconstructed 13C-MFA gives a better
estimation of biomass, and the NAGM cost was 332.9 (Table 6-S4)

6.5. Conclusions
Cyanobacteria cannot grow autotrophically under completely anaerobic
conditions. Excessive reducing equivalents need to be removed and oxygen is required to
perform the oxidative phosphorylation. This study characterizes the oxidative
phosphorylation in cyanobacteria by quantifying the carbon and energy metabolism under
dark heterotrophic conditions. Cyanobacteria employ the oxidative pentose phosphate
and oxidative phosphorylation as the key pathways for energy and reducing equivalents
synthesis during the dark heterotrophic conditions. TCA cycle activity, on the other hand,
was minimal. This carbon metabolism is not optimal for biomass accumulation but may
shed light on the differences of pathway evolution in cyanobacteria and heterotroph. The
NGAM cost in phototroph was also calculated for the first time in this study. The
comparison of FBA and 13C-MFA showed that the understanding of energy metabolism
can significantly improve the accuracy of model prediction for energy requirement.
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Supporting Information for Chapter 6
Contents: Experimental details
Three tables (6-S1 – 6-S3)
Three figures (6-S1 – 6-S3)

Figure 6-S1. Biomass composition of Synechocystis 6803. Synechocystis 6803 was
grown under photomixotrophic (1 g/L glucose and 4 g/L NaHCO3) and light-induced
heterotrophic (1 g/L glucose) conditions, respectively. The cultures were adjusted to the
same chlorophyll a concentration by using modified BG-11 medium. Synechocystis 6803
were then mixed with same amount of E. coli MG1655 biomass pellets collected from the
M9 medium with 10 g/L U-13C6 glucose. Black bars represent the labeling profiles of
amino acids derived from the mixture including heterotrophic Synechocystis 6803 and E.
coli. White bars represent the labeling profiles of amino acids derived from the mixture
including photomixotrophic Synechocystis 6803 and E. coli. The error bars are the
standard deviations of biological duplicates.
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Figure 6-S2. Biomass accumuation and glucose comsumption in Syncecocystis 6803
under heterotrophic condition. The biomass accumulation (dry cell weight) and
glucose consumption were measured in serum bottles under light-induced heterotrophic
condition. Biomass triplicates were employed. Error bars in the figure represent the
standard deviations. Panel A shows that µ = 0.0229 h-1. Panel B shows the biomass yield
Ybiomass/glucose=0.311 g biomass /g glucose. Thus the absolute glucose uptake rate is v glucose
= µ/Ybiomass/glucose=0.41 mmol glucose/g biomass/h.
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Simulated Mass Isotopomer Distributions
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Figure 6-S3. Model fitting of

13

Ala[M-57] +
Ala[M-159] +
Asp[M-57] +
Asp[M-159] +
Asp302
Glu[M-57] +
Glu[M-159] +
Ser[M-57] +
Ser[M-159] +
Gly[M-57] +
Gly[M-159] +
Phe[M-57] +
Phe[M-159] +
Phe302
Leu[M-15] +
Leu[M-159] +
Val[M-57] +
Val[M-159] +

C-MFA under heterotrophic condition using 1-13C1

glucose and NaH13CO3. The data shown are [M-57]+, [M-85]+or [M-159]+, and f302
isotopomer distributions for eight amino acids. The fit between predicted and observed
isotopomer distributions is reasonably good, where the sum of squared residuals is 0.0134.
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Table 6-S1. 13C-MFA simulated and experimental labeling profiles of proteinogenic
amino acids from Synechocystis 6803 cultures grown with 1-13C1 glucose and
NaH13CO3 under heterotrophic condition.
Amino Acids

Ions

Measured data

Standard deviation

Simulated data

+

ALA

GLY

VAL

LEU

LEU

M0
M1
M2
M3

0.8004
0.1419
0.0352
0.0225

M0
M1
M2

0.8975
0.0789
0.0236

M0
M1
M2

0.7745
0.1889
0.0367

M0
M1

0.9514
0.0486

M0
M1
M2
M3
M4
M5

0.7403
0.1783
0.0391
0.0192
0.0141
0.0090

M0
M1
M2
M3
M4

0.8107
0.1203
0.0309
0.0281
0.0100

M0
M1
M2
M3
M4
M5
M6

0.7677
0.1636
0.0333
0.0165
0.0094
0.0065
0.0031

M0
M1
M2
M3
M4
M5

0.7732
0.1511
0.0405
0.0172
0.0123
0.0057

[M-57]
0.0027
0.0007
0.0018
0.0002
[M-159]+
0.0023
0.0020
0.0006
[M-57]+
0.0054
0.0052
0.0003
[M-159]+
0.0014
0.0014
[M-57]+
0.0005
0.0003
0.0002
0.0011
0.0004
0.0009
[M-159]+
0.0013
0.0012
0.0004
0.0016
0.0007
[M-57]+
0.0026
0.0054
0.0045
0.0011
0.0017
0.0046
0.0013
[M-159]+
0.0009
0.0012
0.0007
0.0008
0.0005
0.0004
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0.8138
0.1450
0.0387
0.0025
0.9120
0.0722
0.0158
0.7853
0.2018
0.0130
0.9490
0.0510
0.7422
0.1910
0.0586
0.0073
0.0008
0.0000
0.8317
0.1317
0.0341
0.0023
0.0002
0.7582
0.1804
0.0538
0.0066
0.0009
0.0000
0.0000
0.7848
0.1711
0.0396
0.0041
0.0003
0.0000

SER

PHE

ASP

GLU

M0
M1
M2
M3

0.8202
0.1207
0.0326
0.0265

M0
M1
M2

0.8989
0.075
0.0261

M0
M1
M2
M3
M4

0.6520
0.2255
0.0519
0.0148
0.0091

M0
M1
M2
M3
M4

0.7027
0.2068
0.0421
0.0150
0.0085

M0
M1
M2

0.8787
0.0968
0.0245

M0
M1
M2
M3
M4

0.0981
0.7442
0.0992
0.0346
0.0238

M0
M1
M2
M3

0.1036
0.7886
0.0763
0.0316

M0
M1
M2

0.8573
0.1103
0.0324

M0
M1
M2
M3
M4
M5

0.0850
0.7579
0.1173
0.0250
0.0094
0.0053

M0
M1

0.8331
0.1255

[M-57]+
0.8297
0.1172
0.0340
0.0191
[M-159]+
0.8926
0.0843
0.0231
[M-57]+
0.0011
0.0030
0.0007
0.0009
0.0002
[M-159]+
0.0048
0.0029
0.0014
0.0004
0.0003
f302
0.0034
0.0023
0.0020
[M-57]+
0.0093
0.0083
0.0013
0.0014
0.0012
[M-159]+
0.0083
0.0084
0.0015
0.0019
f302
0.0049
0.0032
0.0028
[M-57]+
0.0052
0.0023
0.0006
0.0018
0.0003
0.0008
[M-159]+
0.0027
0.0014
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0.8450
0.1153
0.0378
0.0020
0.9122
0.0718
0.0160
0.6627
0.2466
0.0744
0.0143
0.0019
0.7161
0.2244
0.0510
0.0077
0.0070
0.7792
0.1128
0.0080
0.0991
0.7518
0.1135
0.0338
0.0018
0.1092
0.8115
0.0652
0.0140
0.8714
0.1202
0.0084
0.0996
0.7477
0.1201
0.0304
0.0021
0.0002
0.8315
0.1317

M2
M3
M4

0.0262
0.0102
0.0051

0.0004
0.0007
0.0005

0.0342
0.0023
0.0003

In the exponential growth phase, three biological and three technical replicates were used
for isotopomer analysis.
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Table 6-S2. Complete list of 13C-MFA estimated fluxes in central metabolism and
exchange coefficients.
95% Confidence
Flux
Reactions
Bestfit
IntervalUB
LB
100.0
100
100
v1
Glucose + ATP == G6P
v2
G6P == F6P
-77.4
-79.8
-74.9
v3
F6P + ATP == FBP
-8.9
-20.0
-6.4
v4
FBP == DHAP + GAP
-8.9
-22.8
0.0
v5
DHAP == GAP
0.3
-0.2
0.4
v6
GAP == 3PG + ATP + NAD(P)H
40.7
39.2
40.8
v7
3PG == PEP
94.0
92.7
96.0
v8
PEP == PYR + ATP
60.4
60.3
62.5
v9
PYR == AceCoA + CO2 + NAD(P)H
56.8
56.2
61.3
v10
AceCoA + OAA == CIT
15.8
15.0
19.4
v11
CIT == ICIT
15.8
15.0
19.4
v12
ICIT == AKG + CO2 + NAD(P)H
15.5
14.1
18.1
v13
AKG == SucCoA + CO2 + NAD(P)H
2.3
1.3
8.2
v14
SucCoA == SUC + ATP
1.1
0.1
7.0
v15
SUC == FUM + FADH2
2.7
1.8
9.0
v16
FUM == MAL
5.5
4.6
11.9
v17
MAL == OAA + NAD(P)H
-4.1
-6.1
1.9
v18
MAL == PYR + CO2 + NAD(P)H
9.5
8.3
12.3
v19
PEP + CO2 == OAA
31.0
28.1
32.6
v20
G6P == Ru5P + CO2 + 2*NAD(P)H
175.2
172.0
177.2
v21
Ru5P + ATP == RuBP
51.4
50.5
53.3
v22
RuBP + CO2 == 2*3PG
4.1
2.8
7.6
v23
X5P == Ru5P
-79.1
-81.2
-76.2
v24
R5P == Ru5P
-44.7
-45.8
-43.2
v25
GAP + S7P == X5P + R5P
-40.2
-41.3
-38.8
v26
E4P + F6P == GAP + S7P
-29.7
-39.3
-18.6
v27
E4P + DHAP == S7P
-10.5
-24.4
-1.4
v28
GAP + F6P == X5P + E4P
-38.9
-39.9
-37.5
v29
ICIT == GLX + SUC
0.3
-24.1
-1.4
v30
GLX + AceCoA == MAL
0.0
0.0
0.0
v31
RuBP + O2 == GLX + 3PG
47.3
41.3
48.3
v32
GLX == GLY
0.1
0.0
2.4
v33
2*GLX + NAD(P)H + ATP == 3PG + CO2
12.0
7.5
13.0
v34
GLX == 2*CO2 + NAD(P)H
23.5
21.1
25.8
v35
AKG + NAD(P)H == GLU
50.1
47.3
51.0
v36
GLU + ATP == GLN
2.5
2.4
2.5
v37
GLU + ATP + 2*NAD(P)H == PRO
9.6
6.0
10.9
0.8
0.8
0.8
v38 GLU + GLN + CO2 + ASP + 5*ATP + NADPH == ARG
+
AKG
+
FUM
v39
OAA + GLU == ASP + AKG
11.1
10.8
11.5
v40
ASP + 2*ATP == ASN
0.9
0.8
0.9
v41
PYR + GLU + NAD(P)H == ALA + AKG
3.1
3.0
3.2
v42
3PG + GLU == SER + AKG + NAD(P)H
14.1
11.9
15.5
v43
SER == GLY + MTHF
3.9
1.4
4.1
-0.1
-0.2
1.0
v44
GLY == MTHF + CO2 + NAD(P)H
138

v45
v46
v47
v48
v49
v50
v51
v52
v53
v54
v55

v56

SER + 3*ATP + 4*NAD(P)H == CYS
ASP + 2*NAD(P)H + 2*ATP == THR
ASP + PYR + GLU + ATP + 2*NAD(P)H == LYS + CO2
ASP + MTHF + CYS + +
ATP
+ 2*NAD(P)H == MET +
AKG
2*PYR + GLU + NAD(P)H
PYR == VAL + AKG + CO2
AceCoA + 2*PYR + GLU == LEU + AKG + 2*CO2
THR + PYR + GLU + NAD(P)H == ILE + AKG + CO2
2*PEP + E4P + GLU + NAD(P)H + ATP == PHE + AKG
2*PEP + E4P + GLU ++ATP
CO2== TYR + AKG + CO2
SER + R5P + 2*PEP + E4P + GLN + NAD(P)H + 3*ATP
R5P + MTHF
+ GLN
+ ASP
+ 5*ATP
== TRP
+ GAP
+ PYR
+ GLU==+ HIS
CO2+ AKG +
FUM + 2*NAD(P)H
0.284*G6P + 0.495*R5P + 0.046*GAP + 0.173*DHAP +
0.046*PYR + 3.707*AceCoA + 0.366*MTHF +
0.530*GLY + 0.158*PRO + 0.387*ALA + 0.201*VAL +
0.310*LEU + 0.171*ILE + 0.048*MET + 0.030*CYS +
0.087*PHE + 0.058*TYR + 0.027*TRP + 0.043*HIS +
0.105*LYS + 0.104*ARG + 0.136*GLN + 0.110*ASN +
0.200*GLU + 0.657*ASP + 0.199*SER + 0.165*THR +
36.500*ATP + 19*NAD(P)H == Biomass + 0.21*FUM

8.4
2.7
0.8
0.4
1.6
2.5
1.4
0.7
0.5
0.2
0.3

6.9
2.6
0.8
0.4
1.5
2.4
1.3
0.7
0.4
0.2
0.3

10.0
2.7
0.9
0.4
1.6
2.5
1.4
0.7
0.5
0.2
0.4

7.9

7.7

8.2

0.95
0.25
0.96
Exchange coefficient of Reaction:G6P => F6P
Exchange coefficient of Reaction:FBP => DHAP + GAP
0.50
0.02
0.51
Exchange coefficient of Reaction:DHAP => GAP
0.00
0.00
0.01
Exchange coefficient of Reaction:3PG => PEP
0.92
0.48
0.93
Exchange coefficient of Reaction:CIT => ICIT
0.50
0.50
0.50
Exchange coefficient of Reaction:SUC => SucCoA
0.50
0.49
0.51
Exchange coefficient of Reaction:SUC => FUM
0.50
0.49
0.51
Exchange coefficient of Reaction:FUM => MAL
0.02
0.01
0.03
Exchange coefficient of Reaction:MAL => OAA
0.19
0.13
0.44
Exchange coefficient of Reaction:X5P => Ru5P
0.77
0.75
0.79
Exchange coefficient of Reaction:R5P => Ru5P
0.96
0.51
0.96
Exchange coefficient of Reaction:GAP + S7P => X5P + R5P
0.13
0.12
0.80
Exchange coefficient of Reaction:E4P + F6P => GAP + S7P
0.96
0.34
0.97
Exchange coefficient of Reaction:GAP + F6P => X5P + E4P
0.96
0.02
0.96
Exchange coefficient of Reaction:SER => GLY + MTHF
0.00
0.00
0.00
Exchange coefficient of Reaction:GLY => MTHF + CO2
0.51
0.49
0.53
Note: v38, v55 and v56 are three reactions for fumarate generation. NADH and NADPH
are considered as one cofactor pool.
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Table 6-S3. The ATP and NAD(P)H production in central carbon metabolic
network.
FADH
Pathways
NADPH
NADH
ATP
2
Glucose metabolism
2.7
245.5
125.5
-244.7
1,2
1
produce
Biomass synthesis
-167.2
15.6
0
-310.31
2.7
Sum
78.3
141.1
-555.1
Oxidative
663.7 ATPs can be produced from
2
phospholation
NAD(P)H
Non-growth associated
108.6 ATPs
maintenance cost
1.The P/O ratio is 3 for NAD(P)H and 2 for FADH2.
2.Biomass composition was calculated based on Shastri et al.’s study (Shastri and
Morgan, 2005) .
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Table 6-S4. The ATP and NAD(P)H production in reconstructed central carbon
metabolic network with non-growth associted maintenance cost
FADH
Pathways
NADPH
NADH
ATP
22
Glucose metabolism
4.2
237.3
147.8
-357.2
1,2
1
produce
Biomass
synthesis
-119.9
11.2
0
-222.51
4.2
Sum
117.4
159.0
-579.7
Oxidative
837.6 ATPs can be produced from
phospholation2
NAD(P)H
Non-growth associated
332.9 ATPs
maintenance cost
1.The P/O ratio is 3 for NAD(P)H and 2 for FADH2.
2.Biomass composition was calculated based on Shastri et al.’s study (Shastri and
Morgan, 2005) .
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Chapter 7. Using Photosystem I as a Reporter Protein
for 13C-Analysis in a Coculture Containing
Cyanobacterium and a Heterotrophic Bacterium
Results of this chapter have been published in Analytical Biochemistry, 2014

Abstract
13

C-metabolism analysis of a microbial community is often hindered by the time-

consuming and complicated separation procedure for a single species. However, a
“reporter protein”, produced uniquely by one cell type, retains

13

C-fingerprints

information in microbial community. This study describes the use of photosystem I (PSI),
a multisubunit protein complex universally found in oxygenic phototrophs, as a reliable
reporter protein to probe microalgal metabolism (i.e., cyanobacterium Synechocystis 6803)
in a mixed culture with heterotrophic bacteria (Escherichia coli). We demonstrate that
efficient purification of PSI and subsequent 13C-metabolic flux analysis help deciphering
photomixotrophic fluxes of Synechocystis 6803 in the coculture. The

13

C-analysis of

cyanobacterial metabolism also indicates that a supplement of NaHCO3 at high
concentration in the coculture could significantly improve the robustness of
cyanobacteria against bacterial contamination.
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7.1. Introduction
13

C-metabolism analysis is a useful phonemic tool that relies on 13C-fingerprinting

of intracellular metabolites to trace functional metabolic pathways (Tang et al., 2012).
However, this method cannot probe the metabolism of a single species in a microbial
community because of the difficulty in cell separations. Filtration, density gradient
centrifugation, and cell sorting all have low separation efficiency and poor purification
quality if two microbial species have similar cell sizes and densities. Alternatively, a
species-specific protein (“reporter protein”) is proposed to assist 13C tracing in microbial
consortia: after

13

C-labeling experiments, such a protein can be separated from the

consortium, and its amino acid labeling profile retains the metabolism information related
only to the species with the reporter protein. This approach has been validated by Sauer’s
group (Rühl et al., 2011). Using overexpressed green fluorescent protein as a “reporter”,
13

C-tracing was able to probe the metabolism of the subpopulation (GFP producer) during

E. coli fermentation. To apply this method for natural systems, high resolution LC-MS
analysis was proposed to track isotope flows in species-specific proteins in microbial
communities (Pan et al., 2011), or to analyze unique peptides from plants to assist
MFA (Mandy et al., 2014). However,

13

C-proteomics or peptide-based

13

13

C-

C-MFA are

prohibitively challenging because current LC-MS algorithms used for peptide
identification assume a natural abundance of
even when

13

13

C-isotope (Ghosh et al., 2014). Besides,

C enrichment in the peptides can be determined, the deconvolution of

metabolic information from

13

C-peptide is much more difficult and tedious than the

standard proteinogenic amino acid approach.
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In nature, phototrophs and heterotrophs often grow together and demonstrate
complex interactions. However, the understanding of the symbiotic interactions in such
communities is still limited due to the lack of convenient research tools. In addition,
microalgae can be engineered to synthesize diverse chemicals, biofuels, and sugars (Yu et
al., 2013). Algal biorefineries always face bacterial contamination that may significantly
reduce product yields. Thus, people are interested to determine the metabolic response of
phototrophs to bacterial contamination.
In this study, we propose a reporter protein-based method to investigate
cyanobacterial community systems. We analyzed the metabolism of cyanobacterium
Synechocystis sp. PCC 6803 in a coculture system with fast growing E. coli. We
demonstrated that photosystem I (PSI), an abundant membrane protein complex, can
reliably characterize cyanobacterial metabolic status after E. coli contamination (Figure
7-S1). Our method has three distinct advantages. First, it can study natural microalgaesystems without the need to engineer a reporter protein. Second, this method does not
need to use expensive LC-MS to identify the

13

C-labeled protein targets. Third, it can

directly obtain the labeling patterns of individual amino acids, without a complicated
deconvolution algorithm.
This method opens a new door to determine fluxes in microalgal communities. In
an ecosystem, combinations of phototrophs and heterotrophs are prevalent and have
shown significant effects on global carbon and nitrogen cycling (Starkenburg et al., 2011).
However, our understanding of the symbiotic interactions in such communities is still
limited. In addition, engineered microalgae are used to synthesize diverse chemicals,
biofuels, nutrients, and sugars (Yu et al., 2013), and these photobiorefineries always face

144

bacterial contamination. Our proposed technique will offer a convenient research tool to
understand the meta-metabolism of microalgae-heterotroph systems.

7.2. Experimental Section
7.2.1. Cultivation conditions.
Synechocystis 6803 cultures were grown in BG-11 medium under continuous
white light illumination at density of 50 µE m-2 s-1 (You et al., 2014a). E. coli MG1655
was grown in M9 medium. Reagents, including

13

C-substrates, were purchased from

Sigma-Aldrich (Saint Louis, MO). All cultivations were started with a 0.5% inoculation
ratio and incubated on a shaker at 250 rpm (30°C). Cell growth was monitored by optical
density for pure cultures (OD730 for Synechocystis and OD600 for E. coli).
For the co-cultures, E. coli was harvested from M9 medium by centrifugation and
then mixed it with exponentially growing Synechocystis (OD730=~0.4). The co-cultures
were grown in BG11 medium with additional nutrients (0.1 g/L NH4Cl and 2 g/L glucose,
initial pH=8) under light for 24 hours. Four different growth conditions were tested. First,
E. coli and Synechocystis were mixed at 1:1 ratio (cell weight ratio). Second, E. coli and
Synechocystis were mixed at 1:10 ratio. Third, E. coli and Synechocystis were mixed at
1:1 ratio and 4 g/L NaHCO3 was supplied into medium. Fourth, E. coli and Synechocystis
were mixed at 1:10 ratio and 4 g/L NaHCO3 was supplied into medium. The growth and
the pH was measured after one-day incubation.
To measure coculture populations, Synechocystis and E. coli cell populations were
determined by chlorophyll a (Chl a) measurement(Porra, 2002) and Colony-Forming
Unit (CFU) plate counting, respectively. The Synechocystis Chl a concentration and its
conversion to dry cell weight is shown in Figure 7-S2 (Porra, 2002). Cell counting data of
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E. coli were converted to dry cell weight based on the correlation that 10^9 cells give 1
g/L dry cell weight.

7.2.2. Carbon labeling experiments
We performed three independent

13

C labeling experiments in this study. In

experiment one, Synechocystis 6803 was grown with 2 g/L unlabeled NaHCO3 and 1 g/L
unlabeled glucose. When OD730 reached 0.4, 500mL cyanobacterial culture was mixed
with 100ml

13

C-labeled E. coli culture (OD600=~1.8), prepared in the M9 medium

containing uniformly

13

C-labeled glucose (U-13C6 glucose, Sigma, Saint Louis). PSI

protein was then purified for isotopomer analysis after fully mixing.
In experiment two, Synechocystis 6803 was grown with 1-13C1 glucose (Sigma,
Saint Louis) and NaH13CO3 (Sigma, Saint Louis) to OD730 =~0.4. E. coli grown in M9
medium with unlabeled glucose was collected and re-suspended in Synechocystis 6803
culture at 10:1 ratio (OD times volume) as shown Figure 7-S1. NaH13CO3 (2g/L) and 113

C1 glucose (1g/L) were supplemented again after mixing. Ammonium chloride was

added at 0.5 g/L. pH was adjusted to 8. PSI was isolated after one-day incubation (Figure
7-S1).
In experiment three, Synechocystis 6803 was grown with 2 g/L NaH13CO3 and 1
g/L U-13C6 glucose to OD730 reached 0.4. Amino acid solution (Sigma, Saint Louis)
including all the 20 amino acids were added and the biomass were collected for
isotopomer analysis after one-day incubation.

7.2.3. PSI separation from co-culture
The PSI purification method was modified from the previous studies(Sun et al.,
1998). In brief, cocultures were centrifuged and washed twice using 50 mM Tris-HCl
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(pH=8.0) buffer. The biomass pellets were re-suspended in Tris-HCl in the presence of
protease inhibitor cocktail and DNase. The pellets were ruptured by two passage through
a French press at 1000 psi. The suspension was centrifuged at 38000 g for 20 min to
collect the membrane and unbroken cells. Then the pellets were re-suspended in 1 mL
MOPS buffer (50 mM, pH 7.0). The thylakoid membrane was solubilized by adding 1.5%
β-dodecylmaltoside and gently shaking for 30 min at 0oC. The supernatant was collected
by centrifugation (38000 g for 20 min) and then loaded onto the top of ultracentrifuge
tubes containing a 10-30% sucrose gradient. Two chlorophyll-containing bands were
observed after ultracentrifugation at 175000 g for 18 hours (4°C). The lower band
containing PSI trimer was collected using a syringe (Figure 7.2). The sucrose was
subsequently removed by filtration. The PSI purity and Chl a concentration of PSI were
determined by using a fluorescence spectrophotometer at 77 K and a UV-Vis absorption
spectrophotometer respectively. The room temperature absorption spectra of the isolated
PSI showed peaks at 680 nm (Figure 7.2C); 77 K fluorescence spectra showed a major
fluorescence emission peak at 720 nm (Figure 7.2D) (Lam et al., 1984).

7.2.4. Isotopic labeling analysis
Isotopomer analysis is based on our previous report (You et al., 2012). The
purified PSI or the biomass pellets was hydrolyzed in 6M HCl and air-dried. The
resulting amino acids were then derivatized with N-tert-butyldimethylsilyl-Nmethyltrifluoroacetamide (TBDMS). GC-MS was used for isotopomer analysis and
fifteen amino acids were detected. A published algorithm corrected naturally labeling of
the derivatized metabolites (Wahl et al., 2004). The fragment [M-57]+, containing
information of the entire amino acid, and [M-159]+, minus α-carboxyl group of the amino
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acid, were used for isotopomer analysis (Bollinger et al., 2010). The isotopic labeling
data, i.e., M0, M1, M2, etc., represent fragments containing unlabeled, singly labeled,
and doubly labeled metabolites.

7.3. Results and Discussions
7.3.1. Growth in the co-culture
In the first growth test when E. coli and Synechocystis 6803 were mixed at 1:1
ratio, only E. coli grew and the pH of the co-culture dropped to ~6 due to E. coli acetate
secretion (Figure 7.1A).
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Figure 7. 1. Synechocystis and E. coli growth in co-cultures.
Panel A and B show E. coli growth in the contaminated cultures with or without NaHCO3.
The dry cell weight (DCW) were measured at 0 h (white bar) and 24 h (black bar). 1:1 or
1:10 represents initial cell population ratio (E. coli to Synechocystis), respectively. Na
represents NaHCO3 addition. Panel C shows Synechocystis growth. Panel D (time=0) and
E (time=24 h) are the pictures of two co-cultures (initial population ratio for two species
was 1:1; right flask contained extra NaHCO3). We used plate counting to monitor E. coli
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population and Chl a to monitor Synechocystis growth under four co-culture conditions
(Figure 7-S2)(Porra, 2002). The error bars were based on two biological samples.
When E. coli and Synechocystis 6803 were mixed at 1:10 ratio, both E. coli and
Synechocystis 6803 grew and the co-culture pH increased to ~9 after 24 hours (Figure
7.1B and C). On the other hand, when NaHCO3 was supplied, both E. coli and
Synechocystis 6803 can grew when mixed at 1:1 ratio (final pH=~8) (Figure 7.1D and E).
However, when the co-culture was mixed at 1:10 ratio, Synechocystis 6803 showed
normal growth while E. coli growth was fully inhibited (final pH=~10).

7.3.2. Quality of reporter protein
To test the purity and quality of PSI in the co-culture, the isotopic labeling
experiment one was carried out as described in the method part. In brief, unlabeled
Synechocystis 6803 was mixed with fully labeled E. coli. PSI was purified from pure
Synechocystis 6803 culture and the mixture for isotopomer analysis (Figure 7.2A). All the
amino acids of PSI isolated from the mixture were highly unlabeled (Figure 7.2B),
indicating that there was no contamination of carbons from labeled proteins in E. coli. In
addition, the quality of PSI was examined by absorption spectra and 77 K fluorescence
spectra. In agreement with previous report (Chen, 2012), the room temperature
absorption spectra of the isolated PSI had peaks at 680 nm and a conspicuous shoulder at
470 nm (Figure 7.2C). As for 77 K fluorescence spectra measurements, A major
fluorescence emission peak was observed at 720 nm (Figure 7.2D), which was also
consistent with early observations (Chen, 2012). Therefore, PSI can be used as a reporter
protein in our system to represent the metabolic features of Synechocystis 6803.
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Figure 7. 2. PSI purification right after mixing 13C-labeled E. coli and unlabeled
cyanobacteria.
Panel A shows the sucrose gradient, in which M is the mixture of PSI/PSII monomers
and P is pure PSI. Panel B shows the labeling of PSI amino acids from pure
Synechocystis 6803 culture (white bar) and PSI amino acids isolated right after mixing E.
coli with cyanobacterial culture (black bar). The error bars represent the background
noises from GC-MS measurement. The

13

n

i

i =0

n

C ratio was calculated by: 1- ∑

M ( n −i ) (n is

the total carbon number of an amino acid; M the relative molar concentration of mass
isotopomer n-i). Panel B indicates that PSI amino acids were unlabeled (no detectable 13C
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pollution by E. coli biomass). Panel C and D shows the room temperature absorption
spectra and the 77 K fluorescence spectra of purified PSI from mixture, respectively.

7.3.3. Cyanobacterial metabolic responses in co-culture
Synechocystis 6803 was grown with 2 g/L 1-13C1 glucose and 4 g/L NaH13CO3 to
OD730 =~0.4. Then, cultures (500 mL) were contaminated by E. coli (E. coli to
Synechocystis = 1:10). 0.1 g/L NH4Cl was added after contamination. In parallel, pure
Synechocystis was continued to grow in the same medium. After 24 hour-incubation of
500mL co-culture in the modified BG11 medium, PSI was isolated to examine
cyanobacterial metabolism under the influence of E. coli (Figure 7.3). Isotopomer
labeling of PSI amino acids from the co-culture were compared with that from pure
culture of Synechocystis (Figure 7.3). We had two isotopic observations at two time
points (Table 7-S1). When Synechocystis pure culture grew to OD730 of 0.4,
Synechocystis biomass contains high enrichment of 12C labeling (45~64%) (Figure 7.3A).
Since glucose was partially labeled (one of six carbons was labeled) and NaH13CO3 was
fully labeled, such isotopomer analysis indicated that Synechocystis utilized significant
amount of glucose for its mixotrophic growth. These results are different from our
previous observation (You et al., 2014a), in which Synechocystis fixed more CO2 when
light condition was better (cultures were in much smaller volume, 30 mL). Among these
amino acids, phenylalanine and histidine showed high

12

C ratios, indicating oxidative

pentose phosphate pathway is functional to synthesize their precursors under mixotrophic
condition (Nakajima et al., 2014). On the other hand, aspartate had highest labeling
enrichment, indicates active

13

CO2 fixation by phosphoenolpyruvate carboxylase

(phosphoenolpyruvate + CO2 ! oxaloacetate). In the second time point (after 24 hour-
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cultivation), the

12

C ratio of amino acids from pure Synechocystis culture increased

significantly (58%~78%), indicating the enhanced glucose utilization for Synechocystis
growth when cell density was high (OD730>1, light became more limited). Under the coculture condition, Synechocystis biomass growth was similar to that in the pure culture,
while E. coli population decreased during 24 hours (possibly due to significant pH raise
caused by cyanobacterial bicarbonate consumption). Meanwhile, PSI amino acids from
co-culture showed similar labeling changes after 24-hour cultivation, indicating that
Synechocystis could maintain its normal metabolism and inhibit E. coli contamination in
the presence of NaHCO3. Interestingly, the

12

C ratios (52%~72%) in PSI amino acids

were less than that in pure culture, suggesting that Synechocystis decreased glucose
utilization during E. coli contamination. Enzyme assay analysis found that the remained
glucose in co-culture was 0.153 ± 0.002 g/L while the remained glucose in pure culture
was 0.508 ± 0.006 g/L. This indicates that E. coli, though unable to increase its
population, still consumed significant amount of glucose via cell maintenance and thus
impacted Synechocystis mixotrophic metabolism.
We also performed the

13

C-MFA with the labeling data obtained from the pure

culture at the earlier time point and the co-culture after 24-hour incubation (Figure 7-S3).
The nutrient exchange between the two species was not considered for simplification.
The relative fluxes through the central carbon metabolism were calculated by assuming
the flux of Ru5P to RuBP as 100. The decrease of glucose utilization was confirmed with
13

C-MFA. Though the absolute number of the metabolic fluxes for Synechocystis in the

co-culture may not be precise enough due to the simplification. The metabolic flux
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change between the pure and the co-culture may provide the insight into the metabolic
adaption of Synechocystis to the E. coli contamination.

Figure 7. 3. Key amino acid labeling of Synechocystis in the pure and cocultures.
Panel A shows the labeling patterns of amino acids from initial pure Synechocystis
cultures (OD730=~0.4, with 4 g/L NaHCO3). Panel B shows the labeling pattern of pure
Synechocystis culture after 24-hr incubation. Panel C shows the labeling patterns of PSI
amino acids in the co-cultures with E. coli for 24 hrs. The
n

∑

i =0

i
n

12

C ratio was calculated by

M ( n −i ) (n is the total carbon number of an amino acid; M the relative molar

concentration of mass isotopomer n-i). M1, M2, and M3 represent the amino acids with
single, double, triply labeled carbons. Error bars are standard deviations of samples (n=2).
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7.3.4 Amino acid uptake of cyanobacteria
The isotopic information of reporter protein can also be used to reveal the
metabolism of the cell type it is expressed in the community. In this study, we observed
significant increase of 12C in PSI in the mixture incubation (Figure 7.4A). To test whether
the nutrition exchange between the two species may exist and lead to the higher growth
rate of Synechocystis 6803, we grew pure Synechocystis 6803 culture with fully labeled
carbon sources (U-13C6 glucose and NaH13CO3) and added amino acid solution (Sigma,
Saint Louis) at OD730=~0.4. After one-day incubation, the incorporation of unlabeled
amino acids into biomass was limited to leucine, isoleucine, valine, and glutamate
(Figure 7.4B), indicating that the amino acid exchange with E. coli in the co-culture may
not be the key reason for the enhanced growth of Synechocystis 6803. We proposed that
the increased unlabeled CO2 released by E. coli in the mixture may contribute to the
increased unlabeled carbon in Synechocystis 6803. Another possible reason could be the
increased uptake of glucose which containing 84% unlabeled carbon (Five carbons in
glucose are unlabeled.).
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Figure 7. 4. The 12C ratio in amino acids in labeled experiment three (n=3).
Panel A shows the

12

C ratio of amino acids in PSI purified from the pure culture of

Synechocystis 6803(!) and its co-culture with E. coli after one day incubation (%). The
carbon sources used are1-13C glucose and NaH13CO3. Panel B shows the

12

C ratio in

amino acids from pure Synechocystis 6803 culture incubated with U-13C6 glucose and
NaH13CO3 with (%) and without (!) unlabeled amino acid.
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Supporting Information for Chapter 7
Contents: Experimental details
Three figures (7-S1 - S4)
One table (7-S1)

Figure 7-S1. The workflow
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Figure 7-S2. Conversion of chlorophyll a concentration to dry cell weight. The R2 is
0.9923, and the conversation follows the equation: chloropyll a (µg/ml) = 18.266*(Dry
cell weight (g/L))-2.4526. Note: For E. coli biomass, 109 E. coli cells/mL were equivalent
to ~1 g/L dry cell weight.
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Figure 7-S3. Flux distribution of Synechocystis in pure culture and coculture.

13

C-

MFA was performed for Synechocystis in the pure culture and the coculture, harvested at
the same time. PSI data were used in the calculation for the coculture. The relative flux
value of each reaction is shown beside the arrow, assuming the glucose uptake flux as
100. The upper number represents the flux of pure Synechocystis culture, and the lower
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number represents the flux of Synechocystis in the coculture. The standard deviation of
each flux was calculated based on the 95% confidence intervals. The fitting quality is
shown in Figure 7-S4.
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Figure 7-S4.

13

C-MFA model fitting. The photomixotrophic metabolism of

Synechocystis in the pure culture or coculture with E. coli, both of which were
supplemented with 1st position labeled glucose and NaH13CO3).The data shown are the
isotopomer distributions for the amino acids listed. Panel A shows the model fitting of
Synechocystis in the pure culture, where the SSR is 0.0078. Panel B shows the model
fitting of Synechocystis in its coculture with E. coli, where the SSR is 0.0106.
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Table 7-S1. Labeling profiles of proteinogenic amino acids from pure Synechocystis
6803 culture and PSI isolated from the coculture.
Amino Acids

Alanine

Serine

Glycine

Threonine

Valine

Leucine

Phenylalanine

Aspartate

Ions

Pure culture
(early time point)

Pure culture
(late time point)*

PSI amino acids from
coculture (late time point)*

M0
M1
M2
M3
M0
M1
M2
M3
M0
M1
M2
M0
M1
M2
M3
M4
M0
M1
M2
M3
M4
M5
M0
M1
M2
M3
M4
M5
M6
M0
M1
M2
M3
M4
M5
M6
M7
M8
M9
M0
M1
M2
M3
M4

0.20
0.25
0.43
0.12
0.20
0.26
0.42
0.12
0.23
0.60
0.17
0.02
0.20
0.24
0.41
0.13
0.10
0.19
0.29
0.27
0.12
0.03
0.13
0.22
0.26
0.25
0.08
0.06
0.00
0.07
0.13
0.19
0.19
0.13
0.11
0.08
0.05
0.03
0.02
0.02
0.21
0.24
0.41
0.12

0.44
0.27
0.26
0.01
0.43
0.29
0.24
0.04
0.40
0.54
0.06
0.04
0.41
0.24
0.26
0.05
0.30
0.25
0.25
0.13
0.04
0.03
0.32
0.34
0.22
0.08
0.02
0.00
0.00
0.22
0.25
0.23
0.14
0.06
0.04
0.03
0.01
0.01
0.01
0.04
0.49
0.25
0.22
0.00

0.35
0.26
0.32
0.07
0.38
0.26
0.31
0.05
0.38
0.52
0.10
0.08
0.30
0.25
0.29
0.08
0.23
0.26
0.29
0.14
0.05
0.03
0.23
0.34
0.19
0.20
0.04
0.00
0.00
0.16
0.19
0.23
0.14
0.11
0.07
0.06
0.03
0.01
0.00
0.07
0.32
0.27
0.29
0.05
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Glutamate

Histidine

M0
M1
M2
M3
M4
M5
M0
M1
M2
M3
M4
M5
M6

0.02
0.20
0.36
0.27
0.11
0.04
0.09
0.19
0.24
0.20
0.14
0.11
0.03

*: Data are used for 13C-MFA.

0.05
0.46
0.35
0.12
0.02
0.00
0.21
0.35
0.20
0.13
0.08
0.02
0.01

164

0.06
0.31
0.36
0.20
0.05
0.02
0.17
0.26
0.25
0.16
0.10
0.04
0.02

Adapted with permission from [Le You, Haijun Liu, Robert Blankenship, Yinjie Tang.
Using photosystem I as a reporter protein for

13

C-Analysis in a coculture containing

cyanobacterium and a heterotrophic bacterium. Analytical Biochemistry, 2014.
Copyright [2014] Analytical Biochemistry.
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Chapter 8. Conclusions and Future Directions.
8.1. Conclusions
In this study, we developed a 13C-based fingerprint to identify the key pathways in
cyanobacteria through inverse labeling experiments, as shown in Chapter 2 and 3. The
central carbon metabolic network was re-constructed and the ‘photo-fermentation’
process was quantified through 13C-MFA. As revealed in Chapter 4, the co-utilization of
organic carbon sources, e.g. sugars, and CO2 showed significant advantages, in terms of
higher carbon yield and rate, compared to the traditional heterotrophic fermentation on
organic carbons. In addition, the addition of organic carbons into cyanobacterial cultures
also alleviates the carbon and light limitations, both of which are widely observed under
photoautotrophic conditions.
Based on the metabolic flux information, we also revealed the substantial effect of
light conditions on carbon metabolism in Chapter 5 and 6. The metabolic features of
cyanobacteria model species, Synechocystis 6803, were extensively explored under PSII
inhibition conditions and darkness. Light conditions can significantly affect the efficiency
of photosynthesis process, which finally changes the carbon utilization routes in
cyanobacteria. Synechocystis 6803 can delicately regulate the metabolic pathways
according to various environmental conditions. When linear electron flow is inhibited,
cyanobacteria form a unique glucose utilization cycle to maximize the reducing
equivalent synthesis from glucose. This pathway can satisfy the reducing equivalent
requirement for biomass synthesis and other cell activities. On the other hand, the cyclic
electron flow is still highly active to provide energy (ATP), which indicate that
photosynthesis process is preferred in cyanobacteria as the major energy source. Under
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the darkness, cyanobacteria employ oxidative phosphorylation to convert reducing
equivalent into ATP for biomass synthesis as well maintenance. CO2 fixation capability
decreased dramatically leading to a rather slow growth rate. Comparing to the optimal
metabolism predicted by FBA, we found the observed cyanobacterial metabolism is
rather suboptimal. Instead, a highly active complete TCA cycle would produce higher
biomass under the same condition. This suboptimal carbon metabolism, however, will
provide new insight into the pathway selection during cyanobacteria evolution.
We also explored the effect of heterotroph contamination on cyanobacteria
metabolism. We used PSI as a reporter-protein of Synechocystis 6803 and explored its
metabolism in the community. We found Synechocystis 6803 employed a similar
metabolic metabolism in the community as that in the pure culture. The growth was also
similar, indicating that cyanobacteria can maintain the metabolic features under slight
contamination.

8.2. Recommended Future Directions
In our study, we employed the transcriptomics analysis to investigate the
regulation of metabolic pathways in cyanobacteria in response to environmental
conditions. The transcriptomics data confirmed our observation by

13

C-MFA in several

key metabolic pathways. However, in most other pathways, the transcriptomics data
showed negative correlation with

13

C-fluxomics results. Therefore, a comprehensive

model that includes the transcriptional, post-transcriptional regulation, as well as the
metabolic flux distribution is required to fully address the interaction and correlation
between multiple omics data.
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On the other hand, we also observed different predictions by 13C-MFA and FBA
in cyanobacterial carbon metabolism.

13

C-MFA is based on experimental measurement

and thus may a give an accurate estimation of central carbon metabolism. However,
certain important information is missing during the simplification. On the other hand,
FBA predicts the optimal cellular process for biomass accumulation. In the read cases,
cell growth is rather sub-optimal, especially for the engineered strains or stressed
conditions. Therefore, the integration of FBA and

13

C-MFA will provide a precise

estimation of carbon/ energy metabolism in the future studies.
Finally, a synthrophy-associated cyanobacteria -heterotroph community may be
promising in bio-production. The CO2 produced by heterotroph will promote the growth
of cyanobacteria in the community, which provide organic carbons to support heterotroph
by using light as the energy. A stable community can be expected in the properly defined
medium. With the reporter-protein method developed in this study, the carbon
metabolism of each species can be clarified to guide the further metabolic engineering in
the community.

168

References
Ahn, W., Antoniewicz, M., 2011. Metabolic flux analysis of CHO cells at growth and
non-growth phases using isotopic tracers and mass spectrometry. Metab Eng. 13,
598 - 609.
Aikawa, S., Nishid, A., Ho, S. H., Chang, J. S., Hasunuma, T., Kondo, A., 2014.
Glycogen production for biofuels by the euryhaline cyanobacteria Synechococcus
sp. strain PCC 7002 from an oceanic environment. Biotechnol Biofuels.
Ajikumar, P., Xiao, W.-H., Tyo, K., Wang, Y., Simeon, F., Leonard, E., Mucha, O., Phon,
T., Pfeifer, B., Stephanopoulos, G., 2010. Isoprenoid pathway optimization for
taxol precursor overproduction in Escherichia coli. Science. 330, 70 - 74.
Allan, W., Clark, S., Hoover, G., Shelp, B., 2009. Role of plant glyoxylate reductases
during stress: a hypothesis. Biochem. J. 423, 15-22.
Anders, S., Huber, W., 2010. Differential expression analysis for sequence count data.
Genome Biol. 11, R106.
Anderson, S., McIntosh, L., 1991. Light-activated heterotrophic growth of the
cyanobacterium Synechocystis sp. strain PCC 6803: a blue-light-requiring process.
J Bacteriol. 173, 2761 - 2767.
Antoniewicz, M. R., Kelleher, J. K., Stephanopoulos, G., 2007a. Accurate assessment of
amino acid mass isotopomer distributions for metabolic flux analysis. Anal. Chem.
79, 7554-9.
Antoniewicz, M. R., Kelleher, J. K., Stephanopoulos, G., 2007b. Elementary metabolite
units (EMU): a novel framework for modeling isotopic distributions. Metabolic
Engineering. 9, 68-86.
Atsumi, S., Higashide, W., Liao, J. C., 2009. Direct photosynthetic recycling of carbon
dioxide to isobutyraldehyde. Nat Biotech. 27, 1177-1180.
Baez, A., Cho, K.-M., Liao, J., 2011. High-flux isobutanol production using engineered
Escherichia coli: a bioreactor study with in situ product removal. Appl Microbiol
Biotechnol. 90, 1681 - 1690.
Bandyopadhyay, A., Stöckel, J., Min, H., Sherman, L. A., Pakrasi, H. B., 2010. High
rates of photobiological H2 production by a cyanobacterium under aerobic
conditions. Nat Commun. 1, 139.
Bateman, K. P., Castro-Perez, J., Wrona, M., Shockcor, J. P., Yu, K., Oballa, R., NicollGriffith, D. A., 2007. MSE with mass defect filtering for in vitro and in vivo
metabolite identification. Rapid Commun Mass Spectrom. 21, 1485-96.
Bauwe, H., Hagemann, M., Fernie, A. R., 2010. Photorespiration: players, partners and
origin. Trends in plant science. 15, 330-336.
Bennett, B. D., Yuan, J., Kimball, E. H., Rabinowitz, J. D., 2008. Absolute quantitation
of intracellular metabolite concentrations by an isotope ratiobased approach.
Nature Protocol. 3, 1299-1311.
Binder, A., 1982. Respiration and photosynthesis in energy-transducing membranes of
cyanobacteria. J Bioenerg Biomembr. 14, 271-286.
Blankenship, R. E., 2010. Early Evolution of Photosynthesis. Plant Physiology. 154, 434438.
Bollinger, J. G., Thompson, W., Lai, Y., Oslund, R. C., Hallstrand, T. S., Sadilek, M.,
Turecek, F., Gelb, M. H., 2010. Improved sensitivity mass spectrometric detection
of eicosanoids by charge reversal derivatization. Anal Chem. 82, 6790-6.
169

Bolten, C. J., Kiefer, P., Letisse, F., Portais, J.-C., Wittmann, C., 2007. Sampling for
metabolome analysis of microorganisms. Analytical Chemistry. 79, 3843-3849.
Bordbar, A., Monk, J. M., King, Z. A., Palsson, B. O., 2014. Constraint-based models
predict metabolic and associated cellular functions. Nat Rev Genet. 15, 107-120.
Bradley, R. W., Bombelli, P., Lea-Smith, D. J., Howe, C. J., 2013. Terminal oxidase
mutants of the cyanobacterium Synechocystis sp. PCC 6803 show increased
electrogenic activity in biological photo-voltaic systems. Phys. Chem. Chem.
Phys. 15, 13611-13618.
Bricker, T. M., Zhang, S., Laborde, S. M., Mayer, P. R., Frankel, L. K., Moroney, J. V.,
2004. The malic enzyme is required for optimal photoautotrophic growth of
Synechocystis sp. strain PCC 6803 under continuous light but not under a diurnal
light regimen. Journal of Bacteriology. 186, 8144-8148.
Canelas, A. B., ten Pierick, A., Ras, C., Seifar, R. M., van Dam, J. C., van Gulik, W. M.,
Heijnen, J. J., 2009. Quantitative Evaluation of Intracellular Metabolite Extraction
Techniques for Yeast Metabolomics. Analytical Chemistry. 81, 7379-7389.
Caspi, R., Altman, T., Dreher, K., Fulcher, C. A., Subhraveti, P., Keseler, I. M., Kothari,
A., Krummenacker, M., Latendresse, M., Mueller, L. A., Ong, Q., Paley, S., Pujar,
A., Shearer, A. G., Travers, M., Weerasinghe, D., Zhang, P., Karp, P. D., 2012.
The MetaCyc database of metabolic pathways and enzymes and the BioCyc
collection of pathway/genome databases. Nucleic Acids Res. 40, D742-53.
Castruita, M., Casero, D., Karpowicz, S. J., Kropat, J., Vieler, A., Hsieh, S. I., Yan, W.,
Cokus, S., Loo, J. A., Benning, C., 2011. Systems biology approach in
Chlamydomonas reveals connections between copper nutrition and multiple
metabolic steps. The Plant Cell Online. 23, 1273-1292.
Chen, G.-Q., 2012. New challenges and opportunities for industrial biotechnology.
Microb Cell Fact. 11, 111.
Cheung, C., Williams, T. C., Poolman, M. G., Fell, D., Ratcliffe, R. G., Sweetlove, L. J.,
2013. A method for accounting for maintenance costs in flux balance analysis
improves the prediction of plant cell metabolic phenotypes under stress conditions.
The Plant Journal. 75, 1050-1061.
Chisti, Y., 2008. Biodiesel from microalgae beats bioethanol. Trends in Biotechnology.
26, 126-131.
Christiansen, T., Christensen, B., Nielsen, J., 2002. Metabolic Network Analysis of
Bacillus clausii on Minimal and Semirich Medium Using 13C-Labeled Glucose.
Metabolic Engineering. 4, 159-169.
Cooley, J. W., Howitt, C. A., Vermaas, W. F. J., 2000. Succinate:Quinol Oxidoreductases
in the Cyanobacterium Synechocystis sp. Strain PCC 6803: presence and function
in metabolism and electron transport. Journal of Bacteriology. 182, 714-722.
Creek, D. J., Chokkathukalam, A., Jankevics, A., Burgess, K. E. V., Breitling, R., Barrett,
M. P., 2012. Stable Isotope-Assisted Metabolomics for Network-Wide Metabolic
Pathway Elucidation. Analytical Chemistry. 84, 8442-8447.
Dauner, M., Bailey, J. E., Sauer, U., 2001. Metabolic flux analysis with a comprehensive
isotopomer model in Bacillus subtilis. Biotechnology and Bioengineering. 76,
144-156.
de Gucht, L. P. E., van der Plas, L. H. W., 1995. Growth kinetics of glucose-limited
petunia hybrida cells in chemostat cultures: Determination of experimental values
170

for growth and maintenance parameters. Biotechnology and Bioengineering. 47,
42-52.
de Koning, W., van Dam, K., 1992. A method for the determination of changes of
glycolytic metabolites in yeast on a subsecond time scale using extraction at
neutral pH. Analytical Biochemistry. 204, 118-123.
Dempo, Y., Ohta, E., Nakayama, Y., Bamba, T., Fukusaki, E., 2014. Molar-Based
Targeted Metabolic Profiling of Cyanobacterial Strains with Potential for
Biological Production. Metabolites. 4, 499-516.
Deng, M.-D., Coleman, J. R., 1999. Ethanol Synthesis by Genetic Engineering in
Cyanobacteria. Applied and Environmental Microbiology. 65, 523-528.
Dietmair, S., Timmins, N. E., Gray, P. P., Nielsen, L. K., Krömer, J. O., 2010. Towards
quantitative metabolomics of mammalian cells: Development of a metabolite
extraction protocol. Analytical Biochemistry. 404, 155-164.
Dutta, D., De, D., Chaudhuri, S., Bhattacharya, S., 2005. Hydrogen production by
Cyanobacteria. Microb Cell Fact. 4, 36.
Eibl, G., Bernardo, K., Koal, T., Ramsay, S. L., Weinberger, K. M., Graber, A., 2008.
Isotope correction of mass spectrometry profiles. Rapid Commun Mass Spectrom.
22, 2248-52.
Eiler, A., 2006. Evidence for the ubiquity of mixotrophic bacteria in the upper ocean:
implications and consequences. Applied and Environmental Microbiology. 72,
7431-7437.
Eisbrenner, G., Bothe, H., 1979. Modes of electron transfer from molecular hydrogen in
Anabaena cylindrica. Arch Microbiol. 123, 37-45.
Evans, M. C., Buchanan, B. B., Arnon, D. I., 1966. A new ferredoxin-dependent carbon
reduction cycle in a photosynthetic bacterium. Proc Natl Acad Sci U S A. 55,
928-934.
Feng, X., Banerjee, A., Berla, B., Page, L., Wu, B., Pakrasi, H. B., Tang, Y. J., 2010.
Mixotrophic and photoheterotrophic metabolisms in Cyanothece sp. ATCC 51142
under continuous light. Microbiology. 156, 2566 - 2574.
Fiehn, O., 2002. Metabolomics - the link between genotypes and phenotypes. Plant
Molecular Biology. 48, 155-171.
Fischer, E., Sauer, U., 2003. A novel metabolic cycle catalyzes glucose oxidation and
anaplerosis in hungry Escherichia coli. Journal of Biological Chemistry. 278,
46446-46451.
Fork, D. C., Herbert, S. K., 1993. Electron transport and photophosphorylation by
Photosystem I in vivo in plants and cyanobacteria. Photosynth Res. 36, 149-68.
Fu, P., 2009. Genome-scale modeling of Synechocystis sp. PCC 6803 and prediction of
pathway insertion. J Chem Technol Biotechnol. 84, 473-483.
Gan, F., Zhang, S., Rockwell, N., Martin, S., Lagarias, J., Bryant, D., 2014. Extensive
remodeling of a cyanobacterial photosynthetic apparatus in far-red light. Science. .
345, 6.
Gao, L., Shen, C., Liao, L., Huang, X., Liu, K., Wang, W., Guo, L., Jin, W., Huang, F.,
Xu, W., Wang, Y., 2014. Functional Proteomic Discovery of Slr0110 as a Central
Regulator of Carbohydrate Metabolism in Synechocystis Species PCC6803.
Molecular & Cellular Proteomics. 13, 204-219.

171

Gao, Z., Zhao, H., Li, Z., Tan, X., Lu, X., 2012. Photosynthetic production of ethanol
from carbon dioxide in genetically engineered cyanobacteria. Energy &
Environmental Science. 5, 9857-9865.
Geier, F. M., Want, E. J., Leroi, A. M., Bundy, J. G., 2011. Cross-Platform Comparison
of Caenorhabditis elegans Tissue Extraction Strategies for Comprehensive
Metabolome Coverage. Analytical Chemistry. 83, 3730-3736.
Ghosh, A., Nilmeier, J., Weaver, D., Adams, P. D., Keasling, J. D., Mukhopadhyay, A.,
Petzold, C. J., Martín, H. G., 2014. A Peptide-Based Method for 13C Metabolic
Flux Analysis in Microbial Communities. PLoS Comput. Biol. 10, e1003827.
Grossman, R., Schaefer, M., Chiang, G., Collier, J., 2004. The responses of cyanobacteria
to environmental conditions: light and nutrients. The Molecular Biology of
Cyanobacteria. 1, 641-675.
Halket, J. M., Waterman, D., Przyborowska, A. M., Patel, R. K. P., Fraser, P. D.,
Bramley, P. M., 2005. Chemical derivatization and mass spectral libraries in
metabolic profiling by GC/MS and LC/MS/MS. Journal of Experimental Botany.
56, 219-243.
Haverkamp, T. H., Schouten, D., Doeleman, M., Wollenzien, U., Huisman, J., Stal, L. J.,
2009. Colorful microdiversity of Synechococcus strains (picocyanobacteria)
isolated from the Baltic Sea. ISME J. 3, 397-408.
He, L., Xiao, Y., Gebreselassie, N., Zhang, F., Antoniewicz, M., Tang, Y., Peng, L., 2014.
Central metabolic responses to the overproduction of fatty acids in Escherichia
coli based on 13C-metabolic flux analysis. Biotechnol Bioeng. 111, 575 - 585.
Herter, S., Farfsing, J., Gad'On, N., Rieder, C., Eisenreich, W., Bacher, A., Fuchs, G.,
2001. Autotrophic CO2 fixation by Chloroflexus aurantiacus: study of glyoxylate
formation and assimilation via the 3-hydroxypropionate cycle. Journal of
Bacteriology. 183, 4305-4316.
Herter, S., Fuchs, G., Bacher, A., Eisenreich, W., 2002. A Bicyclic Autotrophic CO2
Fixation Pathway inChloroflexus aurantiacus. J Biol Chem. 277, 20277-20283.
Hohmann-Marriott, M. F., Blankenship, R. E., 2011. Evolution of photosynthesis. Annual
Review of Plant Biology. 62, 515-548.
Howitt, C., Cooley, J., Wiskich, J., Vermaas, W., 2001. A strain of Synechocystis sp.
PCC 6803 without photosynthetic oxygen evolution and respiratory oxygen
consumption: implications for the study of cyclic photosynthetic electron
transport. Planta. 214, 46-56.
Howitt, C. A., Udall, P. K., Vermaas, W. F. J., 1999. Type 2 NADH dehydrogenases in
the cyanobacterium Synechocystis sp. strain PCC 6803 are involved in regulation
rather than respiration. Journal of Bacteriology. 181, 3994-4003.
Huege, J., Goetze, J., Schwarz, W. H., Bauwe, H., Hagemann, M., Kopka, J., 2011.
Modulation of the Major Paths of Carbon in Photorespiratory Mutants of
Synechocystis. PLoS One. 6.
Iwai, M., Takizawa, K., Tokutsu, R., Okamuro, A., Takahashi, Y., Minagawa, J., 2010.
Isolation of the elusive supercomplex that drives cyclic electron flow in
photosynthesis. Nature. 464, 1210-1213.
Jazmin, L., O’Grady, J., Ma, F., Allen, D., Morgan, J., Young, J., 2014. Isotopically
Nonstationary MFA (INST-MFA) of Autotrophic Metabolism. In: Dieuaide-

172

Noubhani, M., Alonso, A. P., Eds.), Plant Metabolic Flux Analysis. vol. 1090.
Humana Press, pp. 181-210.
Joseph, A., Aikawa, S., Sasaki, K., Matsuda, F., Hasunuma, T., Kondo, A., 2014.
Increased biomass production and glycogen accumulation in apcE gene deleted
Synechocystis sp. PCC 6803. AMB Express. 4, 17.
Kahlon, S., Beeri, K., Ohkawa, H., Hihara, Y., Murik, O., Suzuki, I., Ogawa, T., Kaplan,
A., 2006. A putative sensor kinase, Hik31, is involved in the response of
Synechocystis sp. strain PCC 6803 to the presence of glucose. Microbiology. 152,
647-655.
Kajihata, S., Furusawa, C., Matsuda, F., Shimizu, H., 2014. OpenMebius: An Open
Source Software for Isotopically Nonstationary 13C-Based Metabolic Flux
Analysis. BioMed Research International. 2014, 627014.
Katoh, H., Hagino, N., Ogawa, T., 2001. Iron-Binding Activity of FutA1 Subunit of an
ABC-type Iron Transporter in the Cyanobacterium Synechocystis sp. Strain PCC
6803. Plant and Cell Physiology. 42, 823-827.
Kind, T., Wohlgemuth, G., Lee do, Y., Lu, Y., Palazoglu, M., Shahbaz, S., Fiehn, O.,
2009. FiehnLib: mass spectral and retention index libraries for metabolomics
based on quadrupole and time-of-flight gas chromatography/mass spectrometry.
Anal Chem. 81, 10038-48.
Knoop, H., Zilliges, Y., Lockau, W., Steuer, R., 2010. The Metabolic Network of
Synechocystis sp. PCC 6803: Systemic Properties of Autotrophic Growth. Plant
Physiology. 154, 410-422.
Kramer, D. M., Evans, J. R., 2011. The importance of energy balance in improving
photosynthetic productivity. Plant Physiology. 155, 70-78.
Lam, E., Ortiz, W., Malkin, R., 1984. Chlorophyll a/b proteins of Photosystem I. FEBS
Lett. 168, 10-14.
Lan, E. I., Liao, J. C., 2011. Metabolic engineering of cyanobacteria for 1-butanol
production from carbon dioxide. Metabolic Engineering. 13, 353-363.
Larsen, T., Taylor, D. L., Leigh, M. B., O'Brien, D. M., 2009. Stable isotope
fingerprinting: a novel method for identifying plant, fungal, or bacterial origins of
amino acids. Ecology. 90, 3526-3535.
Latifi, A., Ruiz, M., Zhang, C.-C., 2009. Oxidative stress in cyanobacteria. Fems
Microbiology Reviews. 33, 258-278.
Lee, M., del Rosario, M., Harris, H., Blankenship, R., Guss, J., Freeman, H., 2009. The
crystal structure of auracyanin A at 1.85 A resolution: the structures and functions
of auracyanins A and B, two almost identical "blue" copper proteins, in the
photosynthetic bacterium Chloroflexus aurantiacus. J Biol Inorg Chem. 14, 329 345.
Lex, M., Silvester, W. B., Stewart, W. D. P., 1972. Photorespiration and nitrogenase
activity in the blue-green alga, Anabaena cylindrica. Proceedings of the Royal
Society of London. Series B. Biological Sciences. 180, 87-102.
Li, X., Shen, C. R., Liao, J. C., 2014. Isobutanol production as an alternative metabolic
sink to rescue the growth deficiency of the glycogen mutant of Synechococcus
elongatus PCC 7942. Photosynth Res. . 120, 10.

173

Lindberg, P., Park, S., Melis, A., 2010. Engineering a platform for photosynthetic
isoprene production in cyanobacteria, using Synechocystis as the model organism.
Metabolic Engineering. 12, 70-79.
Liu, H., Zhang, H., Niedzwiedzki, D. M., Prado, M., He, G., Gross, M. L., Blankenship,
R. E., 2013. Phycobilisomes supply excitations to both photosystems in a
megacomplex in cyanobacteria. Science. 342, 1104-7.
Livingston, A. K., Cruz, J. A., Kohzuma, K., Dhingra, A., Kramer, D. M., 2010. An
Arabidopsis mutant with high cyclic electron flow around photosystem I (hcef)
involving the NADPH dehydrogenase complex. Plant Cell. 22, 221-233.
Long, C. P., Antoniewicz, M. R., 2014. Quantifying Biomass Composition by Gas
Chromatography/Mass Spectrometry. Anal Chem. 86, 9423-9427.
Luo, S.-C., Khin, Y., Huang, S.-J., Yang, Y., Hou, T.-Y., Cheng, Y.-C., Chen, H. M.,
Chin, Y.-Y., Chen, C. T., Lin, H.-J., Tang, J. K., Chan, J. C. C., Probing spatial
organization of bacteriochlorophyll c by solid-state nuclear magnetic resonance.
Chemistry - A European Journal. In Revision.
Luo, Y., Yoneda, J., Ohmori, H., Sasaki, T., Shimbo, K., Eto, S., Kato, Y., Miyano, H.,
Kobayashi, T., Sasahira, T., Chihara, Y., Kuniyasu, H., 2013. Cancer Usurps
Skeletal Muscle as an Energy Repository. Cancer Research. 74, 330-40.
Machado, I. M. P., Atsumi, S., 2012. Cyanobacterial biofuel production. Journal of
Biotechnology. 162, 50-56.
Mandy, D. E., Goldford, J. E., Yang, H., Allen, D. K., Libourel, I. G. L., 2014. Metabolic
flux analysis using 13C peptide label measurements. The Plant Journal. 77, 476486.
Martinez, A., Bradley, A., Waldbauer, J., Summons, R., DeLong, E., 2007.
Proteorhodopsin photosystem gene expression enables photophosphorylation in a
heterologous host. Proceedings of the National Academy of Sciences. 104, 55905595.
McKinlay, J. B., Harwood, C. S., 2010. Carbon dioxide fixation as a central redox
cofactor recycling mechanism in bacteria. Proceedings of the National Academy
of Sciences. 107, 11669-11675.
McKinlay, J. B., Harwood, C. S., 2011. Calvin cycle flux, pathway constraints, and
substrate oxidation state together determine the H2 biofuel yield in
photoheterotrophic bacteria. MBio. 2, e00323-00310.
McNaught, A. D., Wilkinson, A., International Union of Pure and Applied Chemistry.,
Royal Society of Chemistry (Great Britain), IUPAC compendium of chemical
terminology. Royal Society of Chemistry,, Cambridge, England, 2000.
Meadows, A. L., Kong, B., Berdichevsky, M., Roy, S., Rosiva, R., Blanch, H. W., Clark,
D. S., 2008. Metabolic and Morphological Differences between Rapidly
Proliferating Cancerous and Normal Breast Epithelial Cells. Biotechnology
Progress. 24, 334-341.
Mi, H., Endo, T., Ogawa, T., Asada, K., 1995. Thylakoid membrane-bound, NADPHspecific pyridine nucleotide dehydrogenase complex mediates cyclic electron
transport in the cyanobacterium Synechocystis sp. PCC 6803. Plant and Cell
Physiology. 36, 661-668.
Mi, H., Endo, T., Schreiber, U., Asada, K., 1992a. Donation of electrons from cytosolic
components to the intersystem chain in the cyanobacterium Synechococcus sp.
174

PCC 7002 as determined by the reduction of P700+. Plant and Cell Physiology. 33,
1099-1105.
Mi, H., Endo, T., Schreiber, U., Ogawa, T., Asada, K., 1992b. Electron donation from
cyclic and respiratory flows to the photosynthetic intersystem chain is mediated
by pyridine nucleotide dehydrogenase in the cyanobacterium Synechocystis PCC
6803. Plant and Cell Physiology. 33, 1233-1237.
Miller, S. L., 1953. A production of amino acids under possible primitive earth conditions.
Science. 117, 528-529.
Miyake, M., Erata, M., Asada, Y., 1996. A thermophilic cyanobacterium, Synechococcus
sp. MA19, capable of accumulating poly-beta-hydroxybutyrate. J. Ferment.
Bioeng. 82, 512-514.
Monshupanee, T., Incharoensakdi, A., 2013. Enhanced accumulation of glycogen, lipids
and polyhydroxybutyrate under optimal nutrients and light intensities in the
cyanobacterium Synechocystis sp. PCC 6803. J Appl Microbiol. 116, 830-838.
Mullineaux, C. W., 2014a. Co-existence of photosynthetic and respiratory activities in
cyanobacterial thylakoid membranes. Biochimica et Biophysica Acta (BBA)Bioenergetics. 1837, 503-511.
Mullineaux, C. W., 2014b. Electron transport and light-harvesting switches in
cyanobacteria. Frontiers in plant science. 5.
Nakajima, T., Kajihata, S., K., Y., Matsuda, F., Furusawa, C., Hirasawa, T., Shimizu, H.,
2014. Integrated metabolic flux and omics analysis of Synechocystis sp. PCC
6803 under mixotrophic and photoheterotrophic conditions. . Plant Cell Physiol.
55, 1605-1612.
Nogales, J., Gudmundsson, S., Knight, E. M., Palsson, B. O., Thiele, I., 2012. Detailing
the optimality of photosynthesis in cyanobacteria through systems biology
analysis. Proceedings of the National Academy of Sciences. 109, 2678-83.
Ogawa, T., 1991. A gene homologous to the subunit-2 gene of NADH dehydrogenase is
essential to inorganic carbon transport of Synechocystis PCC 6803. Proceedings
of the National Academy of Sciences. 88, 4275-4279.
Osanai, T., Oikawa, A., Iijima, H., Kuwahara, A., Asayama, M., Tanaka, K., Ikeuchi, M.,
Saito, K., Hirai, M. Y., 2014. Metabolomic Analysis Reveals Rewiring of
Synechocystis sp. PCC 6803 Primary Metabolism by ntcA-overexpression.
Environ. Microbiol.
Page, L. E., Liberton, M., Pakrasi, H. B., 2012. Reduction of photoautotrophic
productivity in the cyanobacterium Synechocystis sp. strain PCC 6803 by
phycobilisome antenna truncation. Appl Environ Microbiol. 78, 6349-6351.
Pan, C., Fischer, C. R., Hyatt, D., Bowen, B. P., Hettich, R. L., Banfield, J. F., 2011.
Quantitative tracking of isotope flows in proteomes of microbial communities.
Molecular & Cellular Proteomics. 10, M110. 006049.
Pearce, J., Leach, C., Carr, NG, 1969. The incomplete tricarboxylic acid cycle in the
blue-green alga Anabaena variabilis J. Gen. Microbiol. 55.
Pelroy, R. A., Kirk, M. R., Bassham, J. A., 1976. Photosystem II regulation of
macromolecule synthesis in the blue-green alga Aphanocapsa 6714. Journal of
Bacteriology. 128, 623-632.

175

Peyraud, R., Kiefer, P., Christen, P., Massou, S., Portais, J.-C., Vorholt, J. A., 2009.
Demonstration of the ethylmalonyl-CoA pathway by using 13C metabolomics.
Proceedings of the National Academy of Sciences. 106, 4846-4851.
Pingitore, F., Tang, Y., Kruppa, G. H., Keasling, J. D., 2007. Analysis of amino acid
isotopomers using FT-ICR MS. Anal Chem. 79, 2483-90.
Pisareva, T., Kwon, J., Oh, J., Kim, S., Ge, C., Wieslander, A., Choi, J. S., Norling, B.,
2011. Model for membrane organization and protein sorting in the
cyanobacterium Synechocystis sp. PCC 6803 inferred from proteomics and
multivariate sequence analyses. J Proteome Res. 10, 3617-31.
Pisciotta, J. M., Zou, Y., Baskakov, I. V., 2010. Light-Dependent Electrogenic Activity
of Cyanobacteria. PLoS One. 5, e10821.
Planavsky, N. J., Asael, D., Hofmann, A., Reinhard, C. T., Lalonde, S. V., Knudsen, A.,
Wang, X., Ossa Ossa, F., Pecoits, E., Smith, A. J. B., Beukes, N. J., Bekker, A.,
Johnson, T. M., Konhauser, K. O., Lyons, T. W., Rouxel, O. J., 2014. Evidence
for oxygenic photosynthesis half a billion years before the Great Oxidation Event.
Nature Geosci. 7, 283-286.
Porra, R., 2002. The chequered history of the development and use of simultaneous
equations for the accurate determination of chlorophylls a and b. Photosynthesis
Research. 73, 149-156.
Quintana, N., Van der Kooy, F., Van de Rhee, M. D., Voshol, G. P., Verpoorte, R., 2011.
Renewable energy from Cyanobacteria: energy production optimization by
metabolic pathway engineering. Appl Microbiol Biotechnol. 91, 471-490.
Raamsdonk, L. M., Teusink, B., Broadhurst, D., Zhang, N., Hayes, A., Walsh, M. C.,
Berden, J. A., Brindle, K. M., Kell, D. B., Rowland, J. J., Westerhoff, H. V., van
Dam, K., Oliver, S. G., 2001. A functional genomics strategy that uses
metabolome data to reveal the phenotype of silent mutations. Nat Biotech. 19, 4550.
Rasmussen, B., Fletcher, I. R., Brocks, J. J., Kilburn, M. R., 2008. Reassessing the first
appearance of eukaryotes and cyanobacteria. Nature. 455, 1101-1104.
Robinson, M., Oshlack, A., 2010. A scaling normalization method for differential
expression analysis of RNA-seq data. Genome Biol. 11, R25.
Robinson, M. D., McCarthy, D. J., Smyth, G. K., 2010. edgeR: a Bioconductor package
for differential expression analysis of digital gene expression data. Bioinformatics.
26, 139-140.
Ruffing, A. M., 2014. Improved Free Fatty Acid Production in Cyanobacteria with
Synechococcus sp. PCC 7002 as Host. Synthetic Biology. 2, 17.
Rühl, M., Hardt, W. D., Sauer, U., 2011. Subpopulation-Specific Metabolic Pathway
Usage in Mixed Cultures as Revealed by Reporter Protein-Based 13C Analysis.
Applied and Environmental Microbiology. 77, 1816-1821.
Saha, R., Verseput, A. T., Berla, B. M., Mueller, T. J., Pakrasi, H. B., Maranas, C. D.,
2012. Reconstruction and comparison of the metabolic potential of cyanobacteria
Cyanothece sp. ATCC 51142 and Synechocystis sp. PCC 6803. PLoS One. 7,
e48285.
Saikin, S. K., Khin, Y., Huh, J., Hannout, M., Wang, Y., Zare, F., Aspuru-Guzik, A.,
Tang, J. K., 2014. Chromatic acclimation and population dynamics of green sulfur
bacteria grown with spectrally tailored light. Scientific Report. In press.
176

Sanderson, K., 2011. Lignocellulose: a chewy problem. Nature. 474, S12-S14.
Scanlan, D. J., Sundaram, S., Newman, J., Mann, N. H., Carr, N. G., 1995.
Characterization of a zwf mutant of Synechococcus sp. strain PCC 7942. Journal
of Bacteriology. 177, 2550-3.
Schirmer, A., Rude, M. A., Li, X., Popova, E., Del Cardayre, S. B., 2010. Microbial
biosynthesis of alkanes. Science. 329, 559-562.
Schwender, J., Goffman, F., Ohlrogge, J. B., Shachar-Hill, Y., 2004. Rubisco without the
Calvin cycle improves the carbon efficiency of developing green seeds. Nature.
432, 779-782.
Shastri, A., Morgan, J., 2005. Flux balance analysis of photoautotrophic metabolism.
Biotechnol Prog. 21, 1617-1626.
Sherman, D. M., Sherman, L. A., 1983. Effect of iron deficiency and iron restoration on
ultrastructure of Anacystis nidulans. J Bacteriol. 156, 393-401.
Shupletsov, M., Golubeva, L., Rubina, S., Podvyaznikov, D., Iwatani, S., Mashko, S.,
OpenFLUX2: 13C-MFA modeling software package adjusted for comprehensive
analysis of single and parallel labeling experiments. Microb Cell Fact.
Shuvalov, V., Vasmel, H., Amesz, J., Duysens, L., 1986. Picosecond spectroscopy of
thecharge separation in reaction centers of Chloroflexus aurantiacus with selective
excitation of the primary electron donor. Biochim Biophys Acta. 851, 361 - 368.
Smith, A. J., 1983. Modes of cyanobacterial carbon metabolism. Annales de l'Institut
Pasteur / Microbiologie. 134, 93-113.
Smith, A. J., London, J., Stanier, R. Y., 1967. Biochemical basis of obligate autotrophy in
blue-green algae and Thiobacilli. Journal of Bacteriology. 94, 972-983.
Stanier, R. Y., Bazine, G. C., 1977. Phototrophic Prokaryotes: The Cyanobacteria. Annu
Rev Microbiol. 31, 225-274.
Starkenburg, S. R., Reitenga, K. G., Freitas, T., Johnson, S., Chain, P. S. G., GarciaPichel, F., Kuske, C. R., 2011. Genome of the Cyanobacterium Microcoleus
vaginatusFGP-2, a Photosynthetic Ecosystem Engineer of Arid Land Soil
Biocrusts Worldwide. Journal of Bacteriology. 193, 4569-4570.
Stockel, J., Welsh, E. A., Liberton, M., Kunnvakkam, R., Aurora, R., Pakrasi, H. B., 2008.
Global transcriptomic analysis of Cyanothece 51142 reveals robust diurnal
oscillation of central metabolic processes. Proc Natl Acad Sci U S A. 105, 615661.
Sun, J., Ke, A., Jin, P., Chitnis, V. P., Chitnis, P. R., 1998. Isolation and functional study
of photosystem I subunits in the cyanobacterium Synechocystis sp. PCC 6803. In:
Lee, M., (Ed.), Methods Enzymol. vol. Volume 297. Academic Press, pp. 124139.
Takabayashi, A., Kishine, M., Asada, K., Endo, T., Sato, F., 2005. Differential use of two
cyclic electron flows around photosystem I for driving CO2-concentration
mechanism in C4 photosynthesis. Proceedings of the National Academy of
Sciences of the United States of America. 102, 16898-16903.
Tamoi, M., Miyazaki, T., Fukamizo, T., Shigeoka, S., 2005. The Calvin cycle in
cyanobacteria is regulated by CP12 via the NAD(H)/NADP(H) ratio under
light/dark conditions. Plant Journal. 42, 504-513.

177

Tan, X., Yao, L., Gao, Q., Wang, W., Qi, F., Lu, X., 2011. Photosynthesis driven
conversion of carbon dioxide to fatty alcohols and hydrocarbons in cyanobacteria.
Metab. Eng. 13, 169-176.
Tang, J. K.-H., Xu, Y., Muhlmann, G. M., Zare, F., Khin, Y., Tam, S. W., 2013.
Temperature shift effect on the Chlorobaculum tepidum chlorosomes.
Photosynthesis Research. 115, 23-41.
Tang, J. K.-H., You, L., Blankenship, R. E., Tang, Y. J., 2012. Recent advances in
mapping environmental microbial metabolisms through 13C isotopic fingerprints.
Journal of The Royal Society Interface. 9, 2767-2780.
Tang, K.-H., Tang, Y. J., Blankenship, R. E., 2011. Carbon metabolic pathways in
phototrophic bacteria and their broader evolutionary implications. Frontier in
Microbiology. 2, 165.
Tang, K. H., Blankenship, R. E., 2013. Photosynthetic electron transport. In: GCK
Roberts (ed. in chief), V Davidson (volume ed.) Encyclopedia of Biophysics,
Springer-Verlag. pp. 1868-1873.
Tang, Y. J., Hwang, J. S., Wemmer, D., Keasling, J. D., 2007. The Shewanella oneidensis
MR-1 fluxome under various oxygen conditions. Applied and Environmental
Microbiology. 73, 718-29.
Tang, Y. J., Martin, H. G., Dehal, P. S., Deutschbauer, A., Llora, X., Meadows, A., Arkin,
A., Keasling, J. D., 2009a. Metabolic flux analysis of Shewanella spp. reveals
evolutionary robustness in central carbon metabolism. Biotechnol Bioeng. . 102,
1161-9.
Tang, Y. J., Shui, W. Q., Myers, S., Feng, X., Bertozzi, C., Keasling, J. D., 2009b.
Central metabolism in Mycobacterium smegmatis during the transition from O2rich to O2-poor conditions as studied by isotopomer-assisted metabolite analysis.
Biotechnology Letters. 31, 1233-40.
Tominaga, M., Kinoshita, T., Shimazaki, K.-i., 2001. Guard-Cell Chloroplasts Provide
ATP Required for H+ Pumping in the Plasma Membrane and Stomatal Opening.
Plant Cell Physiol. 42, 795-802.
Tomitani, A., Knoll, A. H., Cavanaugh, C. M., Ohno, T., 2006. The evolutionary
diversification of cyanobacteria: molecular-phylogenetic and paleontological
perspectives. Proc Natl Acad Sci U S A. 103, 5442-7.
Trinh, C. T., Unrean, P., Srienc, F., 2008. Minimal Escherichia coli cell for the most
efficient production of ethanol from hexoses and pentoses. Appl Environ
Microbiol. 74, 3634-3643.
Tripp, H. J., Bench, S. R., Turk, K. A., Foster, R. A., Desany, B. A., Niazi, F., Affourtit, J.
P., Zehr, J. P., 2010. Metabolic streamlining in an open-ocean nitrogen-fixing
cyanobacterium. Nature. 464, 90-4.
van der Woude, A., Angermayr, S. A., Puthan Veetil, V., Osnato, A., Hellingwerf, K.,
2014. Carbon sink removal: Increased photosynthetic production of lactic acid by
Synechocystis sp. PCC6803 in a glycogen storage mutant. J Biotechnol. . 184, 3.
Varman, A. M., Xiao, Y., Pakrasi, H. B., Tang, Y. J., 2013a. Metabolic engineering of
Synechocystis sp. strain PCC 6803 for isobutanol production. Appl Environ
Microbiol. 79, 908-914.
Varman, A. M., Yu, Y., You, L., Tang, Y. J., 2013b. Photoautotrophic production of Dlactic acid in an engineered cyanobacterium. Microb Cell Fact. 12.
178

Vermaas, W. F. J., 2001. Photosynthesis and Respiration in Cyanobacteria. eLS. John
Wiley & Sons, Ltd.
Villas-Bôas, S. G., Højer-Pedersen, J., Åkesson, M., Smedsgaard, J., Nielsen, J., 2005.
Global metabolite analysis of yeast: evaluation of sample preparation methods.
Yeast. 22, 1155-1169.
Wahl, S. A., Dauner, M., Wiechert, W., 2004. New tools for mass isotopomer data
evaluation in 13C flux analysis: Mass isotope correction, data consistency
checking, and precursor relationships. Biotechnology and Bioengineering. 85,
259-268.
Wang, J., Chen, L., Huang, S., Liu, J., Ren, X., Tian, X., Qiao, J., Zhang, W., 2012.
RNA-seq based identification and mutant validation of gene targets related to
ethanol resistance in cyanobacterial Synechocystis sp. PCC 6803. Biotechnology
for Biofuels. 5, 89.
Wang, W., Liu, X., Lu, X., 2013. Engineering cyanobacteria to improve photosynthetic
production of alka (e) nes. Biotechnol. Biofuels. 6, 69.
Wang, X., Modak, H. V., Tabita, F. R., 1993. Photolithoautotrophic growth and control
of CO2 fixation in Rhodobacter sphaeroides and Rhodospirillum rubrum in the
absence of ribulose bisphosphate carboxylase-oxygenase. J Bacteriol. 175, 710914.
Weitzel, M., Nöh, K., Dalman, T., Niedenführ, S., Stute, B., Wiechert, W., 2013.
13CFLUX2—high-performance software suite for 13C-metabolic flux analysis.
Bioinformatics. 29, 143-145.
Wells, R. J., 1999. Recent advances in non-silylation derivatization techniques for gas
chromatography. Journal of Chromatography A. 843, 1-18.
Wiechert, W., 2001. 13C Metabolic flux analysis. Metab Eng. 3, 195 - 206.
Wiechert, W., Siefke, C., de Graaf, A. A., Marx, A., 1997. Bidirectional reaction steps in
metabolic networks: II. Flux estimation and statistical analysis. Biotechnology
and Bioengineering. 55, 118-135.
Winder, C. L., Dunn, W. B., Schuler, S., Broadhurst, D., Jarvis, R., Stephens, G. M.,
Goodacre, R., 2008. Global metabolic profiling of Escherichia coli cultures: an
evaluation of methods for quenching and extraction of intracellular metabolites.
Anal Chem. 80, 2939-2948.
Wittmann, C., Krömer, J. O., Kiefer, P., Binz, T., Heinzle, E., 2004. Impact of the cold
shock phenomenon on quantification of intracellular metabolites in bacteria.
Analytical Biochemistry. 327, 135-139.
Wu, B., Zhang, B., Feng, X., Rubens, J. R., Huang, R., Hicks, L. M., Pakrasi, H. B., Tang,
Y. J., 2010. Alternative isoleucine synthesis pathway in cyanobacterial species.
Microbiology. 156, 596-602.
Xiong, W., Brune, D., Vermaas, W. F. J., 2014. The γ-aminobutyric acid shunt
contributes to closing the tricarboxylic acid cycle in Synechocystis sp. PCC 6803.
Mol Microbiol. 93, 786-796.
Xiong, W., Liu, L., Wu, C., Yang, C., Wu, Q., 2010. 13C-Tracer and Gas
Chromatography-Mass Spectrometry Analyses Reveal Metabolic Flux
Distribution in the Oleaginous Microalga Chlorella protothecoides. Plant
Physiology. 154, 1001-1011.

179

Yagi, T., Yano, T., Di Bernardo, S., Matsuno-Yagi, A., 1998. Procaryotic complex I
(NDH-1), an overview. Biochimica et Biophysica Acta (BBA) - Bioenergetics.
1364, 125-133.
Yan, R., Zhu, D., Zhang, Z., Zeng, Q., Chu, J., Carbon metabolism and energyconversion
of Synechococcus sp. PCC 7942 under mixotrophic conditions:comparison with
photoautotrophic condition. J. Appl. Phycol., 12.
Yang, C., Hua, Q., Shimizu, K., 2002a. Metabolic flux analysis in Synechocystis using
isotope distribution from 13C-labeled glucose. Metab Eng. 4, 202-216.
Yang, C., Hua, Q., Shimizu, K., 2002b. Quantitative analysis of intracellular metabolic
fluxes using GC-MS and two-dimensional NMR spectroscopy. Journal of
Bioscience and Bioengineering. 93, 78-87.
Yang, C. Y., Hua, Q. H., Shimizu, K. S., 2002c. Integration of the information from gene
expression and metabolic fluxes for the analysis of the regulatory mechanisms in
Synechocystis. Applied Microbiology and Biotechnology. 58, 813-822.
Yoshikawa, K., Hirasawa, T., Ogawa, K., Hidaka, Y., Nakajima, T., 2013. Integrated
transcriptomic and metabolomic analysis of the central metabolism of
Synechocystis sp. PCC 6803 under different trophic conditions. Biotechnol J. 8,
10.
You, L., Berla, B., He, L., Pakrasi, H. B., Tang, Y. J., 2014a. 13C-MFA delineates the
photomixotrophic metabolism of Synechocystis sp. PCC 6803 under light- and
carbon-sufficient conditions. Biotechnology Journal. 9, 684-692.
You, L., He, L., Tang, Y. J., 2014b. The Photoheterotrophic Fluxome in Synechocystis sp.
PCC 6803 and Its Implications for Cyanobacterial Bioenergetics. J Bacteriol.
You, L., Page, L., Feng, X., Berla, B., Pakrasi, H. B., Tang, Y. J., 2012. Metabolic
pathway confirmation and discovery through 13C-labeling of proteinogenic amino
acids. e3583.
Young, J. D., 2014. INCA: a computational platform for isotopically non-stationary
metabolic flux analysis. Bioinformatics. 30, 1333-1335.
Young, J. D., Shastri, A. A., Stephanopoulos, G., Morgan, J. A., 2011. Mapping
photoautotrophic metabolism with isotopically nonstationary 13C flux analysis.
Metabolic Engineering. 13, 656-665.
Yu, J., Liberton, M., Cliften, P. F., Head, R. D., Jacobs, J. M., Smith, R. D., Koppenaal,
D. W., Brand, J. J., Pakrasi, H. B., 2014. Synechococcus elongatus UTEX 2973, a
fast growing cyanobacterial chassis for biosynthesis using light and CO2.
Scientific report. In Press.
Yu, Y., You, L., Liu, D., Hollinshead, W., Tang, Y. J., Zhang, F., 2013. Development of
Synechocystis sp. PCC 6803 as a Phototrophic Cell Factory. Marine Drugs. 11,
2894-2916.
Zahnle, K., Schaefer, L., Fegley, B., 2010. Earth's Earliest Atmospheres. Cold Spring
Harbor Perspectives in Biology. 2(10):a00489.
Zamboni, N., Sauer, U., 2009. Novel biological insights through metabolomics and 13Cflux analysis. Current Opinion in Microbiology. 12, 553-558.
Zarzycki, J., Brecht, V., Müller, M., Fuchs, G., 2009. Identifying the missing steps of the
autotrophic 3-hydroxypropionate CO2 fixation cycle in Chloroflexus aurantiacus.
Proceedings of the National Academy of Sciences. 106, 21317-21322.

180

Zehr, J. P., 2011. Nitrogen fixation by marine cyanobacteria. Trends Microbiol. 19, 16273.
Zhang, B., Tolstikov, V., Turnbull, C., Hicks, L. M., Fiehn, O., 2010. Divergent
metabolome and proteome suggest functional independence of dual phloem
transport systems in cucurbits. Proc Natl Acad Sci U S A. 107, 13532-7.
Zhang, S., Bryant, D. A., 2011. The tricarboxylic acid cycle in cyanobacteria. Science.
334, 1551-1553.
Zhao, J., Shimizu, K., 2003. Metabolic flux analysis of Escherichia coli K12 grown on
13
C-labeled acetate and glucose using GC-MS and powerful flux calculation
method. Journal of Biotechnology. 101, 101-117.
Zheng, Y.-N., Li, L.-L., Liu, Q., Yang, J.-M., Wang, X.-W., Liu, W., Xu, X., Liu, H.,
Zhao, G., Xian, M., 2012. Optimization of fatty alcohol biosynthesis pathway for
selectively enhanced production of C12/14 and C16/18 fatty alcohols in
engineered Escherichia coli. Microb Cell Fact. 11.
Zhuang, W. Q., Yi, S., Feng, X., Zinder, S. H., Tang, Y. J., Alvarez-Cohen, L., 2011.
Selective utilization of exogenous amino acids by Dehalococcoides ethenogenes
strain 195 and the enhancement resulted to dechloronation activity. Applied and
Environmental Microbiology. 77, 7797-803.

181

CURRICULUM VITAE

2015

Le You
Department of Energy, Environmental and Chemical Engineering.
Washington University in St. Louis.
One Brookings Drive, Brauer Hall. Saint Louis, MO 63130
Cell: 314-560-8692 • E-mail: leyou@go.wustl.edu

EDUCATION
Ph.D. candidate in the Department of Energy, Environmental and Chemical Engineering,
Washington University in St. Louis, United States (2010~2015)
Current GPA: 3.96, graduate research mentored by Dr. Yinjie J. Tang.
! M.Eng., Tianjin University, P.R. China (2008~2010) - Biochemical Engineering, GPA: 3.86,
graduate research mentored by Dr. Xueming Zhao.
! B. Eng., Tianjin University, P.R. China (2004~2008) - Biological Engineering, GPA: 3.85,
undergraduate research mentored by Dr. Xueming Zhao.
!

RESEARCH EXPERIENCES
Jun. 2011 ~, thesis research supervised by Dr. Yinjie Tang.
! Build and optimize a GC-MS based intracellular metabolite and isotopomer quantification
method
! Determine the carbon and energy metabolism in cyanobacterium Synechocystis sp. PCC
6803 with 13C-isotopomer tracer, 13C metabolic flux analysis, and RNA-Seq tool
• Study the carbon metabolic network structure and photomixotrophic metabolism of
cyanobacterium Synechocystis sp. PCC 6803
• Explore the carbon and energy metabolism changes of Synechocystis sp. PCC 6803 in
response to PSII inhibition
• Determine the heterotrophic carbon and energy metabolism in cyanobacterium
Synechocystis sp. PCC 6803 under dark conditions
Jun. 2013 ~ Jun. 2014, collaborated with Dr. Robert Blankenship’s laboratory:
! Study the metabolic exchange in bacteria-community with photosystem I-assisted
reporter-protein
Dec. 2012 ~ Jun. 2013, collaborated with Dr. Zhiyou Wen’s laboratory:
! Characterize the Wood–Ljungdahl pathway for syngas fermentation
Jan.2012 ~ Dec. 2013, collaborated with Dr. Christina Stallings’ laboratory:
! Investigate the molecular mechanisms of Mycobacterium tuberculosis to resist host-inflicted
damage with qualitative analysis of 13C fingerprint

Washington University in St. Louis

CURRICULUM VITAE

2015

PUBLICATIONS
You, L.; Berla, B.; He, L.; Pakrasi, H. B.; Tang, Y. J., 13C-MFA delineates the
photomixotrophic metabolism of Synechocystis sp. PCC 6803 under light- and carbon-sufficient
conditions. Biotechnology Journal 2014 , 9, 684-692.
! You, L.; Zhang, B.; Tang, Y., Application of stable isotope-assisted metabolomics for cell
metabolism studies. Metabolites 2014, 4, 142-165.
! You, L.; He, L.; Tang, Y., The photoheterotrophic fluxome in Synechocystis sp. PCC 6803
and its Implications for cyanobacterial bioenergetics. Journal of Bacteriology 2014, 197, 5.
! You, L.; Liu, H.; Blankenship, B.; Tang, Y., Using photosystem I as a reporter protein for
13
C-analysis in a coculture containing cyanobacterium and a heterotrophic bacterium Analytical
Biochemistry 2014, Dec 16.
! Wan, N.; Abernathy M.; Tang J.; Tang Y.; You L., Cyanobacterial photo-driven
mixotrophic metabolism and its advantages for biosynthesis. International Journal of Molecular
Sciences 2014, In press.
! Varman, A.; He, L.; You, L.; Hollinshead, W.; Tang, Y., Elucidation of intrinsic
biosynthesis yields using 13C-based metabolism analysis. Microbial Cell Factories 2014, 13, 42.
! Hollinshead, W.; Varman, A., You, L.; Hembreea, Z.; Tang, Y., Boosting D-lactate
production in engineered cyanobacteria using sterilized anaerobic digestion effluents.
Bioresource Technology 2014, 169, 462-467.
! Varman, A.; Yu, Y.; You, L.; Tang, Y., Photoautotrophic production of D-lactic acid in an
engineered cyanobacterium. Microbial Cell Factories 2013, 12, 117.
! Yu, Y.; You, L.; Liu, D.; Hollinshead, W.; Tang, Y.; Zhang, F., Development of
Synechocystis sp. PCC 6803 as a phototrophic cell factory. Mar Drugs 2013, 11, 2894 - 2916.
! Tang, J. K.-H.; You, L.; Blankenship, R. E.; Tang, Y. J., Recent advances in mapping
environmental microbial metabolisms through 13C isotopic fingerprints. Journal of The Royal
Society Interface 2012, 9, 2767-80.
! You, L.; Page, L.; Feng, X.; Berla, B.; Pakrasi, H. B.; Tang, Y. J., Metabolic pathway
confirmation and discovery through 13C-labeling of proteinogenic amino acids. J Vis Exp 2012,
59, e3583.
! Zou, S. l.; Zhang, K.; You, L.; Zhao, X. m.; Jing, X.; Zhang, M. h., Enhanced
electrotransformation of the ethanologen Zymomonas mobilis ZM4 with plasmids. Engineering
in Life Sciences 2012, 12, 152-161.
! Zou, S. L.; Zhang, C.; Ma, Y. Y.; You, L.; Zhang, M. H., Construction and evaluation of
recombinant strains for ethanol production from lignocellulosic hydrolysate. Advanced Materials
Research 2012, 347, 48-51.
!

Washington University in St. Louis

CURRICULUM VITAE

2015

SELECTED PRESENTATIONS
You, L.; He, L.; Tang, Y., 13C-metabolic flux analysis of cyanobacterial photo-fermentation.
2014 AIChE Annual Meeting, Atlanta, USA.
13
! You, L.; He, L.; Feng, X.; Varman, A.; Tang, Y.,
C-fingerprinting for untargeted
metabolic pathway analyses. 2014 AIChE Annual Meeting, Atlanta, USA.
13
! You, L.; He, L.; Tang, Y.,
C-metabolic flux analysis of cyanobacteria. 40th
Midwest/Southeast Photosynthesis Conference, Marshall, Indiana, USA.
! You L.; Berla B.; He L.; Pakrasi H.; Tang Y., In vivo quantification of fluxes through a
cyanobacterial TCA cycle. 11th Workshop on Cyanobacteria, Saint Louis, USA.
! You L.; Berla B.; He L.; Pakrasi H.; Tang Y., Analysis of photomixotrophic metabolism in
Synechocystis Sp. PCC 6803 via inverse tracer-metabolic flux analysis. 2013 AIChE Annual
Meeting, San Francisco, USA.
13
! You, L.; Wang, X.; Tang, Y.; Liu Y., C-asssisted metabolic flux analysis of Rhizopus
oryzae under different cultivation conditions. 2012 American Society for Microbiology General
Meeting, San Francisco, USA.
!

SELECTED AWARDS
Best graduate student oral presentation award. 40th Midwest/Southeast Photosynthesis
Conference, Marshall, Indiana, USA.
! Outstanding Academic Achievement Award, School of Chemical Engineering, Tianjin
University. 2005~2008
!

TEACHING EXPERIENCE
!
!
!
!

Teaching Assistant: Transport phenomenon (Fall 2011)
Teaching Assistant: Heat Transfer (Spring 2012)
Teaching Assistant: Chemical Process Dynamics and Control (Fall 2013)
Teaching Assistant: Bioprocess Engineering (Spring 2014)

Washington University in St. Louis

